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ABSTRACT
The ability tc process high performance polymers into useful adhesives and high quality 
composites has been significantly advanced by synthetic techniques in which oligomers 
terminated with reactive groups cure or crosslink at elevated temperature after the article 
has been fabricated. Several matrix resin systems of considerable interest to the 
aerospace community utilize phenylethynyl terminated imide (PETI) technology 
developed at the Langley Research Center to achieve this advantage. This work 
addresses the cure chemistry o f PETI oligomers.
The thermal cure of selected oligomers and model compounds was studied using a 
variety of analytical techniques including differential scanning calorimetry, high pressure 
liquid chromatography, Fourier transform infrared, nuclear magnetic resonance, electron 
spin resonance and mass spectroscopies and liquid chromatography - mass spectroscopy. 
Model compound studies indicate that the cure is extremely complex. Many stable 
products were isolated and attempts at identification were made. Initial cure mechanisms 
have been proposed based on experimental results. The intent o f this research is to 
provide fundamental insight into the molecular structure o f these new engineering 
materials so that their performance and durability can be more adequately appreciated.
xix
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Chapter 1: INTRODUCTION
Because of the increasingly global business community, during the late 1980’s, 
Boeing and McDonald Douglas studied the feasibility o f making a profitable supersonic 
passenger airplane. Originally, the desired aircraft would fly at Mach 2.5 and travel from 
San Francisco to Tokyo in 4.3 hours. In order to achieve commercial success, the fares 
for such a flight and the passenger capacity would have to be comparable to those for 
subsonic airliners. Additionally, the supersonic plane could not adversely affect the 
environment by noise or other pollutants.1 To meet these difficult objectives, supersonic 
aircraft would have to rely on high performance composite materials to take advantage 
of light weight, strength, toughness and corrosion resistance. A Boeing spokesman 
projected that “Any supersonic transport will be at least 50 percent advanced 
composites.”2
Thermoplastic and thermosetting polyimide resins have been widely studied and 
show excellent promise to meet the challenges of the next generation aircraft composite 
materials. Thermoplastic polyimides have the advantages of ease of processing, ductility 
and toughness, and recyclability. However, they generally exhibit moderate solvent 
resistance. In contrast, thermosetting polyimides have good solvent resistance, but can
2
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3be brittle and cannot be reprocessed or altered significantly after cure. Combining the 
technologies of both types of systems results in a material which may retain the 
advantages of both. Recent research has focused on the addition of acetylene3-8 and 
phenylethynyl9-13 endcaps to thermoplastic polyimides which creates a lightly crosslinked 
polymeric system when cured. These systems exhibit toughness, solvent resistance and 
are somewhat reprocessable once cured. In addition, they have the advantage of curing 
without the evolution of volatile byproducts. The mechanism of the thermal cure of 
these materials is poorly understood.
One group of phenylethynyl terminated materials of interest is LaRC™ 
PhenylEthynyl Terminated Imide or PETI. This research focuses on the characterization 
of PETI-5 and its analogous non phenylethynyl-terminated thermoplastic system LaRC™ 
8515. The linear backbones of both the PETI-5 and 8515 are synthesized from the same 
starting materials as shown in Figures l .l  and 1.2. The 8515 has a 5% stoichiometric 
offset in favor of a diamine mixture of 85 mol% 3,4’- oxydianiline (ODA) and 15 mol% 
l,3-bis(3-aminophenoxy)benzene (APB) reacted with 95 mol% 3,3’, 4,4’- 
biphenyltetracarboxylic dianhydride (BPDA) and 10 mol% phthalic anhydride (PA) 
endcapping agent.14 The PETI-5 has a 9% stoichiometric offset favoring the diamine 
mixture. It also has 85 mol% 3,4’-ODA and 15 mol% l,3-bis(3-APB) with 91 mol% 
BPDA and 18 moI% phenylethynylphthalic anhydride (PEPA).15,16 Both polymers are
synthesized at 30% solids in N-methyl-2-pyrroIidinone (NMP). The calculated Mns for 
8515 and PETI-5 are 9,200 and 5,500 g/mol respectively.
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
4The thermal cure of these systems has been accomplished in both air and 
nitrogen. Various cure temperatures and hold times have been tested to optimize the 
cure conditions. These materials are believed to begin to cure at around 300°C, but 
require long hold times at this temperature to achieve a full cure. PETI-5 and 8515 
appear to cure faster at higher temperatures. Based on practical considerations, such as 
the limits of available ovens and a reasonable amount of cure time, the standard cure for 
these systems is at 371°C with a 1 hour hold. The resulting polymeric materials have 
excellent mechancal properties, solvent and impact resistance. The actual cure process 
and products have not been adequately investigated for the PETI materials.
l>bis(3-APB)3,4'-ODABPDA
30% solids in 
NMP
Figure 1.1 Synthesis of LaRC™ 8515
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Chapter 2: STATEMENT OF RESEARCH
The goal of this research is to identify initial cure products and to propose initial cure 
mechanisms for a phenylethynyl terminated polyimide system, namely LaRC™ PETI-5, 
using both the oligomer and model compounds. The analogous non-phenylethynyl 
terminated thermoplastic, LaRC™ 8515, has been characterized for comparison to PETI-
5. The study employed varied solution and solid state characterization techniques, as 
appropriate including: diffuse reflectance-Fourier Transform infrared spectroscopy (DR- 
FTIR), differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), high 
pressure liquid chromatography (HPLC), solid probe mass spectroscopy (SP-MS), 13C 
and ‘H NMR, liquid chromatography in tandem with mass spectroscopy (LC-MS), UV- 
Vis spectroscopy, and electron spin resonance (ESR). The effects of different cure 
temperatures and hold times on resulting products were examined. Initial cure products 
were identified and initial cure mechanisms were proposed.
7
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Chapter 3: LITERATURE REVIEW
3.1 Acetylene Research
Interest in the cure of acetyienic compounds predates that of phenylethynylic compounds 
significantly. As long ago as 1866, M. Berthelot converted acetylene to benzene and its 
homologs at temperatures above 600 K.1'3 Little work followed until the 1960’s, when 
interest was renewed in this type of chemistry and the formation of trisubstituted 
benzenes from monosubstituted aceylenes was reported in Russia.4 V. V. Korshak, et 
al., began publishing in the early 1970’s on their extensive studies of 
polycyclotrimerization.5'9 They proposed that in order for polycyclotrimerization to 
occur, monomers must contain at least two multiple bonds and that linear polymers are 
always a possible product in addition to the polycyclic. Part of their work included the 
study of diethynyl benzene cured under mild reaction conditions using catalysts which 
were complex compounds of metals such as cobalt, nickel and titanium. They proposed 
a general cure mechanism for the formation of 1,2,4 and 1,3,5 substituted benzenes.
Materials using diethynylbenzenes with metal catalysts were introduced by 
Hercules in 1974 under the name of H-resins.10 The resulting phenylene resins were not
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
commercially successful because of their brittleness, high cost and difficult processability, 
and were withdrawn from the market. Around this same time period, acetylene 
terminated polyimides were introduced. Landis et al.11-13 reported the synthesis of 
HR600P or Thermid™ 600, a polyimide prepolymer containing ether linkages with 
acetylene endgroups that had potential to homopolymerize to form fully aromatic 
polymers. The structure is shown in Figure 3.1. They determined that a complex cure 
chemistry existed and that a number of processes contribute towards the cure. They 
believed that the thermal cure involved chain extension by aromatization or trimerization 
of the ethynyl groups. This was supported by the fact that there appeared to be no 
differences between samples cured under nitrogen or in air, leading to the conclusion that 
the cure was an addition polymerization reaction and not an oxidative coupling reaction. 
Samples were cooled after the cure exotherm had completely diminished, indicating that 
the cure was complete. However, after aging for 1000 hours at 260°C or 500 hours at 
316°C, increased flexural strength and modulus indicated that samples continued to cure 
during the aging process.
v p  XT ' ® v S r o
Figure 3.1 Thermid™ 600
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
10
Kuhbander and Aponyi14 later confirmed the radical mechanism of the acetylene 
cure by using radical inhibitors to increase the processing window. They reported a 
refined and improved cure cycle for Thermid 600. Much later, Alam et al.15 reported the 
endcapping of Thermid-600P with 4-ethynylphthalic anhydride. They found the ethynyl
endcapped samples to have lower Tgs which they attributed to greater flexibility in the
oligomers due to less dianhydride and more diamine.
Sefcik, et al.,16 used magic-angle cross-polarization l3C-NMR in early work on 
the cure of Thermid 600. They supported the theory of the aromatization or 
cyclotrimerization of the acetylenic end groups to form 1,2,4- or 1,3,5- tri-substituted 
benzenes. They noted changes in the lineshape of the aromatic region as intensity of 
peaks in the acetylenic carbon region diminished. Based on the magnitude of these 
changes, they postulated that no more than 30% of the product resulted from this type of 
reaction. However, changes in the NMR spectrum also showed evidence of the 
formation of vinylic carbons with the disappearance of acetylenic carbons. This indicated 
that another addition type reaction had also occurred. In this study, they also ruled out 
esterification due to incomplete imidization as a crosslinking mechanism.
Hergenrother, Sykes and Young used model compounds such as ethynyl 
phenylquinoxaline, ethynyl phenyl-as-triazine and N-(3-ethynylphenyl)phthalimide to 
study the acetylene cure.17 Using DSC and FTLR, they determined that the cure 
exotherm in the DSC curve was due to the reaction of the ethynyl groups. They 
determined comparable heats of reaction for three acetylene terminated heterocyclic
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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model compounds, between -36.2 and -41.4 kcals/mol. They obtained a material balance 
for the cure products of N-(3-ethynylphenyl)phthalimide (EPPI) using HPLC and 
attempted to identify the products in each fraction using mass spectroscopy. HPLC 
results indicated that neither heating rate nor time at temperature, at temperatures as 
high as 350°C, changed the types of cure products present, as the chromatograms were 
essentially the same. In addition to polymeric materials which made up about 70.6% of 
the product, two dimers, three trimers and a tetamer made up the principal minor 
components. Their results indicated that a reproducible complex mixture of cure 
products existed for acetylene terminated model compounds. In a later paper, 
Hergenrother reported an average heat of reaction for ethynyl phenylphthalimides to be 
-38 ± 0.8 kcals/mol. As the trimerization of acetylene to benzene is estimated to be -142 
kcals/mol18, he concluded that quantitative cyclotrimerization of the ethynyl groups did 
not occur.19
In contrast, Chatgilialoglu and Ferreri20 reviewed free radical addition involving 
carbon-carbon triple bonds and included cyclization as a possible path. They also briefly 
described vinyl radicals as having the unpaired electron residing in a p-orbital where it 
can be delocalized by aryl groups. However, for sterically crowded or a-phenyl 
substituted vinyl radicals, a linear product structure is much more probable.
At this point it may be helpful to summarize several commonly proposed reaction 
mechanisms and products for the thermal cure of acetylene terminated compounds.
Many different works exist that attempt to either prove or disprove the following
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mechanisms summarized in Table 3.1. Polyene structures can add head-to-head, head- 
to-tail or tail-to-tail and have the possibility of cis or trans configurations.
Table 3.1 Acetylene Cure Reaction Mechanisms and Cure Products21
Reaction Mechanism Initial Products
Further Reaction or 
Degradation Products
Cyclotrimerization Diels-Alder addition
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At At 
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Ar
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Glaser coupling
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Diels-Alder and [2+2] type reactions may occur with dienes, diynes or enynes in the 
reaction mixture. Friedel-Crafts alkenylation of the polymer backbone has also been 
proposed.16,21 Cycloaddition reactions of arynes and heteroarynes, in particular the 
mechanisms involved for the Deils-Alder type addition have been discussed in detail 
elsewhere.22 Stille’s early work23 at the University of Iowa proposed a Diels-Alder step- 
growth reaction to form high molecular weight phenylated polyphenylenes under various 
conditions using several different starting materials including diphenylacetylene and other 
diacetylenes. Later, Stille et al.24 explored the kinetics of these reactions to determine 
activation parameters which were calculated from rate constants. They found a low heat 
of reaction and a large negative entropy term that are consistent with a Diels-Alder type 
reaction. They proposed that during the step-growth polymerization reaction, a new 
benzene ring containing pendant phenyl groups was formed.
Kovar, et al23 reported that in addition to trimerization, Glaser or Strauss 
coupling could occur followed by a Diels-Alder reaction with the initially formed Glaser 
or Strauss products or with the polymer backbone. They reacted a Strauss product and 
formed small amounts of naphthalene derivatives with the major products being 
polymeric materials. The Glaser compound produced only polymeric materials. They 
determined the crosslinking reaction of acetylene proceeded via a number of 
simultaneous mechanistic routes and that initiating radicals were formed from the 
thermal homolysis of impurities, including peroxides or hydroperoxides formed due to
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the presence of oxygen. More recently, Kumar and Neenan reported a Diels-Alder 
copolymerization involving biscyclopenta-dienones and ethynyl terminated imides.26
Reinhardt, et al.27 reported that the thermal reaction of model compounds such as 
1,4-diphenyl-l-buten-3-yne and l,4-bis(3-phenoxyphenyl)-l-buten-3-yne showed the 
primary curing reaction to be intermolecular rather than intramolecular and that systems 
underwent propagation followed by cyclization to form aromatic rings. However, only 
traces of cyclized product were found using thin layer chromatography. Their 
preliminary NMR studies indicated a polyene system resembling polystyrene. Their work 
supported the proposal that in the initial cure of a difunctional acetylene, low molecular 
weight species formed that contained pendant acetylene groups which could further react 
to give a three dimensional network structure.28 A nonfunctional acetylene would form 
a polyene without the pendant ethynyl group; therefore a system that was less
crosslinked and had a lower Tg. A monofunctional material theoretically would provide
a tougher, more durable system.
Several excellent kinetic studies on acetylene terminated model compounds were 
conducted by Pickard, Jones and Goldfarb in the late 1970’s. They based their work on 
studies by Allendoerfer et al. that proposed that the control of kinetic and molecular 
chain lengths in the free radical polymerization of phenylacetylene involved a size 
dependent electronic rearrangement, arising from active radicals decaying to inactive 
radicals.29 Pickard et al. first looked at a model compound, 3-ethynyIphenyI phenyl 
ether.30 GPC analysis showed a significant amount of unreacted monomer present when
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the sample was quenched at the end of the cure exotherm. They concluded that the 
exotherm was associated with the loss of the acetylenic moiety. Molecular weights were 
determined at several conversions and at different isothermal cure temperatures and they
found both Ma and Mw to be insensitive to both conversion and temperature. This
observation implies that the kinetic and molecular chain lengths are governed by a first- 
order termination step, as opposed to a second order mechanism that would reflect 
significant temperature dependence for molecular weight.
Later, Pickard and his co workers reported on the kinetics of thermal reaction of 
the model compound bis[4-(3-ethynylphenoxy)phenyl]sulfone.31 They calculated a heat 
of reaction of -55 ± 6 kcals/mol and determined that molecular weight was governed by 
a first order termination reaction. They proposed several different termination 
mechanisms: (a) aromatization via proton transfer to monomer; (b) unimolecular 
elimination of a cyclic trimer followed by radical combination or disproportionation; (c) 
direct formation of the polymer through radical combination. Both (a) and (c) provide a 
mechanism for introducing aromaticity to the polymer backbone and are consistent with 
the cyclization mechanism. Additional studies using GPC and FTIR, showed that in 
addition to polymer, the products contained two low molecular weight fractions.32 This 
supports their theory that bimolecular termination may be involved in the initial stages of 
reaction but that, at higher conversions as viscosity increases, bimolecular termination 
decreases and first order termination dominates.29 This explanation may account for the 
fact that early reports on HR600 suggested that the cure proceeds in two steps.33
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Pickard and his coworkers also looked at (3-phenoxyphenyl)acetylene and 
proposed a simple biradical mechanism, with two possible structures for the biradical: 
trans-l,4-bis(4-phenoxyphenyl)-l,3-butadiene-l,4-diyl and cis-l,3-bis(4- 
phenoxyphenyl)-l,3-butadiene-l,4-diyl shown in Figure 3.2.34
Figure 3.2 Trans (a) and Cis (b) Diradical Structures
Their proposed biradical mechanism explains the absence of an observable temperature 
correlation for molecular weight. Based on their observed data and semiempirical 
thermochemical arguments, they concluded that the molecular weight of this model 
compound system is controlled predominantly by steric and thermochemical factors, 
rather than by reaction energies. The authors suggested numerous reaction pathways 
that produce different chemical structures.
A simple biradical mechanism was similarly proposed by Ratto et al.,40 in which 
the radical initiator could be formed by the thermal cleavage of the terminal acetylene 
hydrogen or by a radical or peroxide impurity. They reported the heat o f reaction for 
Glaser or Strauss coupling to be 32 ± 5 kcals/ mol ethynyl group and found the heat of
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reaction for their model compound, diethynylphenyl ether (DEPE), to be 27 ± 2 kcals/ 
mol ethynyl group. They used heats of reaction to rule out trimerization as a significant 
pathway and NMR results to rule out substitution or Diels-Alder type addition.
C. Y.-C. Lee and several co-authors looked at the cure of acetylene terminated 
aryl-sulfone resins (ATS) for the Air Force Materials Laboratory using FTIR, I3C-NMR 
and ESR.35 They used the acetylene bands at 3295 cm*1 and 941 cm*1 to determine the 
degree of cure (DOC) of this system at various temperatures and hold times and 
compared these results with DOC values obtained using differential scanning calorimetry 
(DSC). They found considerably higher DOC values for DSC results and attributed this 
to secondary intramolecular cure reactions that did not involve the acetylenic groups. 
They found DOC discrepancies greater at higher cure temperatures, reflecting a greater 
extent of intramolecular cycloaddition.36
They also used I3C-NMR to determine DOC by monitoring the ratio of the area 
under the acetylenic carbon peak normalized to the area beneath the low-field resonance 
of the aryl carbons adjacent to the oxygens as a function of cure time.36 The cures were 
conducted to yield a 90% degree of cure, as determined by measuring the residual heats 
of polymerization. However, the area under the peak for the acetylenic carbon 
decreased to 20% of its original value, not the expected 10%. These results suggest that 
either not all of the acetylene groups are fully consumed in the fully cured resin and/or 
the curing process involves reactions between molecular groups that are not necessarily 
acetylenic. Proton NMR was also used to measure changes in the spin-lattice relaxation
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times (Ti) with cure. They found that Ti increased in the initial stages of cure due to the 
decrease in molecular motion caused by curing. This is followed by a decrease in Ti 
presumably due to the production of free radicals during cure in numbers sufficient to 
influence spin lattice relaxation. The authors speculated that the radicals may be formed 
in the initial cure stages, but in insufficient numbers to overcome the effects of decreased 
molecular motion or that the greater molecular mobility in the early stages of cure, 
causes loss of free radicals through competing reactions that destroy them. At the end of 
cure, Ti increased slightly which suggests that free radicals are destroyed by thermally 
activated processes.
Electronic Spin Resonance (ESR) was used to examine the growth of free 
radicals in ATS samples cured isothermally at different temperatures.37 Samples cured at 
the highest temperature produced free radicals at the fastest rates, but had the smallest 
maximum concentration of free radicals; while those cured at the lowest temperature 
ultimately had the highest maximum concentration, but the slowest production of 
radicals. The activation energy for free radical production was calculated to be 56 
kJ/mol, which is approximately half of the activation energy required for the production 
of ATS polymer. Presumably, the higher activation energy for polymerization involves 
the reaction of the acetylenic groups. These results indicate that the rate of acetylene 
reaction increases more rapidly with temperature than the rate of free radical production; 
therefore, the ratio of acetylene consumed to radicals formed is higher at high 
temperatures. Thus, more polymer is produced per free radical produced at higher
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temperatures, resulting in longer polymer chains if free radicals were required to initiate 
all polymerization reactions. The fact that there are greater maximum amounts of free 
radicals at lower temperature indicates a competing radical decay reaction with a higher 
activation energy than radical production, because radical decay becomes relatively more 
efficient at higher temperature. A fixed ratio relationship between the number of free 
radicals produced and the number of acetylene groups consumed could not be 
determined.
Levy, Lind and Sandreczki revisted the work descibed in the preceeding 
paragrapns to provide further insights into their FTIR, 13C and proton NMR and ESR 
experimental results.38 In addition to noting decreases in acetylene bands at 3295 and 
941 cm'1, they observed shifts in the 1259 cm*1 band which originates in the aryl ether C- 
O stretch vibration. This shift was explained in terms of cure-induced molecular strain. 
This phenomenon was less pronounced at higher cure temperature, with no change 
apparent until a 35% degree of cure had been achieved. The increased molecular chain 
mobility that occurs with higher temperature is a plausible explanation.
The analysis of ESR experiments showed three different regions in plots of 
radical spins versus cure time at three different temperatures. At early stages of cure, 
there apprears to be an induction period where radical formation is inhibited. This 
indicates the presence of free radical consumption reactions that are particularly effective 
early in the cure cycle. This enhanced radical consumption could be due to greater 
mobility in the uncured resin which allows radical decay reactions to occur, followed by
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immobilization and reduced activity at the end of the induction period; or the initial 
presence of a finite number of radical consuming species that is consumed or rendered 
ineffective as the cure progresses. Evidence supports the latter explanation, because the 
liquid-like consistancy of the curing resin persists beyond the induction period, the 
curves at all three temperatures can be extrapolated back to a common intercept, and the 
shape of the curves in the induction period are consistant with a radical decay mechanism 
involving eventual consumption of scavenger radicals. Next, radical concentrations 
increase approximately linearly with the logarithm of cure time. These results are 
consistant with IR and NMR results that show radical production occurs on the same 
time scale as acetylene consumption. Finally, after a maximum is reached, radical 
concentration decreases with time. This period of radical decomposition occurs slowly 
at the cure temperatures indicating the stability of the radicals in the ATS system. At 
cure temperatures of 130, 150, and 180°C and hold times up to 45 hours, the maximum 
degree of cure achieved as determined by experimental techniques that monitored 
acetylene consumption was 78.6%.
The effects of radical initiated cure of ATS resin was studied by Picklesimer, et 
al.39 This effort again confirmed the radical nature of the acetylene cure and indicated a 
considerably lower cure temperature, thereby extending the processing window.
Samples were cured at 360°C and held various lengths of time in air and nitrogen. The 
extent of cure was determined by DSC using the area under the cure exotherm. In air, 
both the pure and the initiated ATS approached 93% cure in 16 hours. In nitrogen, both
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approach 95% cure in 16 hours. Both materials reached approximately the same extent 
of cure, however, at very different rates. Increased viscosity presumably prohibited 
complete reactions.
Sally Swanson and her coworkers revisited the work on Thermid™, shown in 
Figure 3.1, and used CP-MAS 13C-NMR with selectively isotopically labeled carbons to 
study thermal cure mechanisms.21 They ruled out participation of the imide and diaryl 
carbonyl carbons from the BTDA in any reaction with the acetylenic groups. Studying 
the isotopically labeled C-l unprotonated ethynyl carbon, at least four new different 
classes of products formed, two of which were protonated. Similarly examining the 
products with the C-2 terminal protonated ethynyl carbon, evidence exists for three new 
classes of products with one of these nonprotonated. Using model compounds to 
predict expected resonances, they ruled out Glaser and Strauss coupling reactions; 
biradical first order termination products with conjugated double bond structures and the 
associated polystyrene-like thermal degradation products; and the phenylazulene 
structure suggested as a thermal degradation product of the ene-yne Strauss product at a 
400°C cure temperature. At lower cure temperatures, these structures could possibly be 
present and lead to other cure products; therefore, they looked for resonances that 
supported the Strauss product that had been proposed as a stable phenylnaphthalene 
structure. They found shifts in the resonances of the C-l and C-2 carbons which support 
this type of structure. Additionally, comparing these results to those of the model 
compound 1,3,5-triphenylbenzene, they found evidence for trisubstituted benzene
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products supporting cylotrimerization and thermal cyclization of Strauss and Glaser 
coupling products as well as some biradical aromatic products. There was also evidence 
consistant with Diels-Alder type addition to these aromatic structures forming condensed 
polycyclic structures and perhaps a Friedel-Crafts type alkenylation of the oligomer 
backbone at the acidic aryl carbons. While unexplained resonances in the aliphatic 
region of the spectra were found, they determined that the major products were aromatic 
groups. The results of the C-l and C-2 labeled samples were mutually consistent; i.e. 
when one peak of one sample was protonated, a corresponding peak of the other was 
deprotonated.
Marie-Florence Grenier-Loustalot studied ethynyl-terminated benzophenone 
model compounds using a variety of analytical techniques.41 DSC results showed a 
range of high reactivity indicating several mechanisms were involved in thermal 
polymerization. Further, it was noted that reaction enthalpies were lower in the case of 
difunctional compounds than monofimctional, less than 100 kJ/ethynyl group and 150 
kJ/ethynyl group respectively, which suggests they have a different reactivity. The heat 
of polymerization of polyene structures was reported to be about 115 kJ/ethynyl group.40 
Therefore the formation of polyene chains is likely for the difimctional group. The 
enthalpy of formation for the monofimctional benzophenones was determined to be 
about 150 kJ/ethynyl group.
Loustalot’s HPLC results of isothermal cures showed that all the reaction 
products formed very rapidly and only their relative proportions changed with time.
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Chromatograms generally showed four to five major peaks corresponding to low 
molecular weight species and a broad peak at higher retention times that can be 
attributed to higher molecular weight species. Semipreparative chromatography was 
used to separate the products and each major fraction was analyzed using UV-Vis, 
Proton and 13C NMR spectra. The data indicated that in the initial step of 
polymerization, the majority of compounds that were formed have a low degree of 
polymerization and included a complex mixture of linear and cyclic dimers and trimers in 
the form of trisubstituted benzenes. These were noncondensed species that presumably 
formed from initial ethynyl species. In the second step, entities with higher degree of 
polymeriztion progressively formed, possibly as conjugated trans-polyene chains. The 
high molecular weight species may have formed through reactions not involving the 
ethynyl group and have lower energies.
Kinetic studies showed that 90% of the ethynyl endgroups disappeared while 
cured, however uncertainty remained as to the fate of the remaining 10%. Activation 
energies for the monosubstituted benzophenones were similar regardless of the para 
substituent on the benzene ring.
Melissaris and Litt described the solid state polymerization of di-p-ethynyl rigid 
rod monomers that could pack together with the acetylene groups interdigitated.42 This 
means that the head of one acetylene group is next to the tail of the neighboring one, 
thus normal head to tail polymerization could occur. The separation o f molecules 
oriented as in Figure 3.3 is 6.5 - 7.0 A. The van der Waals diameter o f the acetylene
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group is 3.3 - 3.5 A, thus interdigitation is possible. Interdigitation implies that the 
actetylene groups of the monomers are packed into a very small fraction of the total 
volume and can polymerize without needing to diffuse to find other reactive ends. This 
may account for the fact that some systems can polymerize at temperatures below their
TgS.43 Polymerization should occur perpendicular to the direction shown in Figure 3.3.
The intermolecular separation perpendicular to the aromatic ring is 4 - 4.5 A, which is 
similar to the repeat length for two acetylene units joined in the cissoid conformation. 
FTIR results also confirmed the theorized polyene structure and ruled out 
cyclotrimerization.
Figure 3.3 Interdigitation of Ethynyl Groups of Rigid Rod Monomers
Kobayashi studied radical addition using different moieties that reacted with 
carbon - carbon double or triple bonds in two-step processes.44 The first step described 
was radical addition to the olefin or the acetylene and the second step was hydrogen
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transfer to the intermediate carbon radical. Either step could determine the reaction rate 
depending on the system studied. He reported on the addition of benzenethiol to 
ethynylbenzene which gave 95% of the cis addition product, B-phenylthiostyrene. He 
used MINDO/3 calculations for the cis and trans intermediate radicals and products, and 
found the trans product more stable than the cis, while the intermediate cis radical for 
the cis addition product was 3.4 kcals/mol lower in energy than the trans radical for the 
trans addition product. He concluded that the cis addition product was preferred 
kinetically, but could isomerize to the trans conformation by the aid of oxygen, radical 
initiators or the phenylthio radical.
Ogawa described what was termed “topochemical” polymerization of 1,3- 
butadiynes or diacetylenes (DA) to form highly conjugated 1,4-poly diacetylene (PDA) 
systems.45 The polymerizability of the DA was dependent on the nature of the 
substituent groups on the 1 and 4 carbons. He proposed the schematic shown in Figure 
3.4 for cross polymerization to form a diacetylene network after main chain linear 
extension. A favorable crystal packing of the DA moiety was prerequisite in order for 
cross polymerization to take place. Polyurethanes and polyamides were said to be 
generally topochemically polymerizable DA groups because hydrogen bonding helps to 
give favorable crystal packings.
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Figure 3.4 Cross Polymerization to form Diacetylene Network
In summary, the fact that the thermal cure of acetylene involves a radical reaction 
is indisputable and is supported by all authors cited. Additionally, most agree that the 
cured product is actually a mixture of products created by numerous pathways. Glaser 
and Strauss coupling and biradical addition have been been generally accepted as 
possible initial cure steps. However, some authors support a cyclotrimerization reaction 
and use various experimental results to substantiate their theory while others use kinetic 
arguments to disprove it. Some support cyclization as a mechanism that follows the 
primary curing reactions. Evidence supports the formation of polyene chains as a major 
reaction product. Activation energy is lowest for compounds with structures that can 
stabilize free radical intermediates. Molecular modeling has shown that for the reaction
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of ethynylbenzene and benzenethioL, the intermediate cis radical was more stable than the 
trans, while the trans product was more stable than the cis. The addition products were 
found to be 95% cis suggesting that intermediate stability dominates over product 
stability, although rearrangement to the lower energy product conformation may occur 
with time.
During the thermal cure of acetylene, there also exists a discrepancy over the 
complete conversion of acetylene reactive cites. Several authors have found using 
various experimental methods that residual unreacted acetylene may remain in samples 
considered to be fully cured. Experimental evidence has also been presented that 
suggests materials may undergo different types of reactions as the cure progresses. 
Initially materials undergo primarily intermolecular reactions, while later intramolecular 
reactions may also become significant. Increased viscosity with increased degree of cure 
effects the reactivity of the material. Most kinetic studies support a first order 
termination step because the kinetic and molecular chain lengths appear to be unaffected 
by temperature, although some studies indicate reaction order may change during the 
reaction. The effects of acetylene groups packing and network formation were also 
studied.
Several studies indicated a significant portion of the reaction products, up to 
20%, have low molecular weights and are present as dimers and trimers. An explanation 
may be found in 13C and proton NMR and ESR results reported by several authors. 
Several studies indicate that radical consumption early in the reaction of acetylene is
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significant. Swanson, et. al.,21 reported on 13C labeled acetylene groups that became 
protonated and unprotonated with cure. Hydogens may migrate to radical cites to 
deactivate the radicals and form stable, low molecular weight products.
3.2 Phenylethynyl Research
3.2.1 Chronological Synthesis Studies
Although acetylene endcaps have many useful properties including solvent 
resistance and the ability to cure without the evolution of volatiles, incorporating these 
endcaps into high performance arylene ether, polyquinoxaline and polyimide systems 
posed a new problem. These endgroups begin to cure at temperatures that approach the
TgS of some high performance polymers, making processing difficult or impossible. A
wide processing window, the temperatures between which the material flows easily and 
becomes highly viscous with cure, is desirable for adhesive and composite fabrication. 
Phenylacetylene or phenylethynyl endcaps, that have a terminal benzene ring in place of 
the hydrogen in acetylene endcaps, begin to cure at higher temperatures than the 
acetylene, thereby extending the processing window. Most recent work focuses on the 
phenylethynyl endgroup as it holds the greater promise for processing, solvent resistance 
and durability.
The addition of phenylethynyl endcaps to oligomers has been accomplished and 
has been reported since the early 1980’s. Sankaran, et al.46 and Chen et al.47 described
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the synthesis of polyaromatic amides and polyaromatic esters, respectively, with pendant 
phenylethynyl groups that were believed to undergo intramolecular cyclization to form 9- 
phenylbenzanthracene as shown in Figure 3.5.
Figure 3.5 Intramolecular Cyclization to form 9-Phenyl benzanthracene
Hergenrother’s early work reported the thermal cure of linear polypheny lquinoxalines 
containing various amounts of ethynyl groups with a pendant phenyl group in the para
because the phenylethynyl group was believed to be less thermally reactive than 
acetylene. He found that as the mole percent of phenylethynyl groups in the polymer
increased, the Tg and the exothermic heat of cure increased while the exothermic peak
temperature decreased. He also discovered that the thermooxidative stability of 
phenylethynl endcapped polymers was less than the corresponding polymer with no 
endcaps.
position.48 This effort was an attempt to improve the ethynyl group’s processability
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Abraham49 reported on the synthesis and cure products of a new compound, N- 
phenyl-2-phenylethynylbenzamide, as a model intramolecular cycloaddition system. He 
determined that the intramolecular cycloaddition reaction shown in Figure 3.6 had 
occurred exclusively with product I (5%) and product II (95%) the sole components.
He used IR, mass spectra and HPLC for analysis. According to his paper, the isomeric 
products, Z- and E-2,3-dihydro-2-phenyl-3-phenylmethylene-lH-isoindol-one, had not 
previously separated by HPLC. Apparently, the presence of bulky phenyl groups did not 
preclude the cyclization reaction.
Figure 3.6 Intramolecular Cycloaddition of N-phenyl-2-phenylethynyIbenzamide
Some of the earliest reports by Harris and his research group involved placing various 
reactive endgroups on Thermid™ 600 and other polyimide oligomers in an effort to 
increase the difference between the flow temperature of the material and its cure 
temperature.50,31,32 They looked at endcaps containing enyne, diyne, biphenylene and 
phenylethynyl groups and compared the flow and cure temperatures and the thermal 
properties o f the resins.
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Unroe et al.,53,54 terminated various monomers with phenylethynyl and 
phenyloxyethynyl endgroups and compared them with their ethynyl terminated 
counterparts. They found that the phenylethynyl endcapped materials had lower 
thermooxidative stability than the acetylene. They attributed this finding to a thermal 
degradation mechanism rather than a thermooxidative one. They believed that at 
temperatures below 600°F, the pendant phenyl group shielded the polyene cure site; but, 
at higher temperatures, the pendant phenyl thermally decomposed with the loss of 
benzene. TGA-MS results supported this finding and showed that degradation was
accompanied by the evolution of benzene at 400°C. Additionally, they found lower Tgs
for the cured phenoxyethynyl materials indicating a less crosslinked system. Based on
the Tg values as well as a 20% improvement in the room temperature fracture toughness,
they concluded that the cured system was totally linear.
Paul and his coauthors synthesized a series of diaryl-substituted acetylenes based 
on 3-aminophenyIacetylene to be used as endcaps to terminate BTDA/APB oligimers.55 
Then they compared cure temperatures, thermooxidative stability and mechanical 
properties of the cured oligimers. They also compared phenylethynylaniline (PEA) 
endcapped oligomers to oligomers endcapped with nadic anhydride and maleic 
anhydride. They found PEA cured at higher temperatures and had better 
thermooxidative properties.
Abraham and his co-authors,56 revisiting his work on intramolecular cycloaddition 
reactions, synthesized several phenylethynyl benzalphthalimidine structures. These
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materials underwent homopolymerization reactions to yield thermally reactive 
polyamides with phenylethynyl moieties within the polymer backbone. They reported the 
synthesis and cure products of monomers such as those that are given in Figure 3.7 and 
used F’l'IR, DSC, TMA and mass spectroscopy to characterize and identify the polymers 
and their intramolecularly cyclized products.
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Figure 3.7 Intramolecular Cyclization Reactions
From 1992 to present, numerous papers have come out of research groups from 
NASA57"67 and Virginia Polytechnic and State University68*74 describing numerous 
synthetic methods to add phenylethynyl endcaps to different families of oligomers and 
their material properties. Progress they made in the synthesis of the endcapper afforded
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increasing cure temperatures and enlarged the processing windows. Early reports68"69 
described the synthesis of 3-phenyIethynyl phenol that had a cure onset around 340- 
350°C to be used as an endcap for polyarylene ethers. Phenylethynyl aniline was also 
investigated and reportedly had cure temperatures of380-420°C.70’71 The early NASA 
work focused on the use of 4-fluoro-4’-phenylethynyIbenzophenone or 3- or 4- amino- 
4’-phenylethynylbenzophenone with commonly known arylene ether or polyimide 
oligomers.67,59,60 The cure onset was reported to be around 330°C with the maximum 
between 380-400°C. To date, however, the best combination of properties has been 
achieved using the phenylethynylphthalic anhydride (PEPA) endcap. Both previously 
mentioned research groups and several others reported the synthesis and characterization 
of PEPA-endcapped oligomers.66,72'76 The PEP A endcaps were synthesized in one step 
from the palladium catalyzed coupling reaction of 4-brornophthalic anhydride and 
phenylacetylene. PEP A terminated oligomers exhibited cure exotherms between 403 - 
451°C and had greater thermooxidative stability than the phenylethynylaniline terminated 
oligomers.66,76
3.2.2 Cure Studies
In the late 1970’s, Amdur and his coauthors29 reported on the radical initiated 
reaction of phenylacetylene as mentioned in Section 3.1. Because the molecular weight 
appeared to be independent of the usual reaction variables including temperature and
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heating rate, they suggested that the termination step was a size-dependent 
intramolecular electronic rearrangement. They reported a first-order decay o f active to 
inactive radicals that appeared to exert major control over kinetic and molecular chain 
lengths. They eliminated chain transfer to monomer as a major contributor to molecular 
termination. They suggested the reaction mechanism for an initiated phenylacetylene 
cure shown in Figure 3.8.
I. The growing site resembles a P-styryl radical which has its unpaired electron in a 
a  orbital concentrated on the 3-carbon
R = Monomer
II. After two polymerization steps, the linear trimer has the following structure 
where I is the radical derived from initiator and no particular cis-trans 
configuration is implied
, c —
H
I.\
C=CH—C =C H —C =C
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HI. A series of trans to cis isomerizations might lead to an ail-m  structure from 
which an initiator abstraction could take place, leaving a less reactive a-styryl 
radical
Another possible rearrangement of the ail-c/j trimer is a cyclization to the 
relatively inactive cyclohexadienyl radical, which upon elimination of initiator 
would give the cyclic trimer side product observed.
IV. The ultimate termination of the radical chain could then occur by dimerization
2R* R2
Figure 3.8 Proposed Cure Mechanism for Initiated Phenylacetylene29
Hergenrother and Smith66 pointed out some of the difficulties in elucidating the 
cure mechanisms and products for phenylethynyl terminated oligomers due to the 
complexity of the free radical reaction. They suggested that the physical properties of
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the cured polymer resemble a high molecular weight linear system more than a
of crosslinks and branching. With imide oligomers having a molecular weight o f 5,000 
g/mol or more, long segments of polymer chain separate crosslinks. They advised 
against using cure information based on acetylene terminated systems to explain 
phenylethynyl terminated systems, due to the steric differences imposed by a benzene 
ring versus a hydrogen atom. They also cautioned against the use of model compounds 
to generate useful information due to the difference in phenylethynyl group density and 
the molecular mobility or diffiisivity. They proposed a general cure scheme shown in 
Figure 3.9.
thermoset. They proposed that initially polyene chains form with concurrent formation
IMIDE OLIGOMER
ao)
A predominantly free 
radical cure
10 IO IO
10 IO IO IO
3.9 Proposed Cure Scheme for Phenylethynyl Terminated Polyimide
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Meyer, et al.71’72 successfully used high temperature solid state CPMAS I3C 
NMR to monitor the cure of a phenylethynyl imide model compound based on 
hexafluoroisopropylidene-2,2-bis(phthalic acid anhydride) (6-FDA) and 1,4- 
phenylenediamine (p-PDA) or 4,4’-oxydianiline (ODA). The ethynyl carbons were easily 
detected at 89.58 and 91.71 ppm. They used a heated probe for their studies and found 
that the resonances for ethynyl carbons did not change until the compound has been 
heated to 330°C and held 30 minutes.
Sastri and co-authors published several excellent studies on the effects of 
phenylethynyl substituents on an aromatic ring.77,78 They found a direct correlation 
between the activation energy and the stability of the radicals formed by thermal 
initiation. Disubstituted 1-2, 1-3, 1-4, trisubstituted 1-2-4 and 1-3-5 and tetrasubstituted 
1-2-4-5 aromatic rings had been studied using DSC in the earlier paper.77 Resonance 
stabilization of radicals contributed significantly to lowering activation energies as seen 
by a notable difference in activation energy between the 1-2-4 and 1-3-5 substituted 
monomers. The 1-2-4 radical is resonance stabilized and had lower activation energy, 
while the 1-3-5 is not. The 1-3-5 compound also had a higher activation energy than the 
1-3 monomer due to the inductive effect of the added substituent. While resonance 
stabilization may dominate, other contributing factors, such as the effects of inductive, 
steric and proximity must also be considered to explain experimental results.
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Because the enthalpy of polymerization was less than the enthalpy of 
trimerization, trimerization was ruled out as a major reaction path in the initial 
polymerization. The extent of reaction was found to be independent of heating rate as it 
was for acteylene terminated compounds. Studies with blends indicated that at high 
temperatures, radicals were not very selective in their reaction with other multiple bonds. 
The results supported earlier work that inferred the radicals’ inability to be selective in 
the chain propagation reaction.
In their later paper, Sastri et ai. examined the 1-2-4 substituted aromatic 
compound more extensively using FTIR to confirm DSC results. They monitored the
ethynyl FTIR peak at 2212 cm'1 normalized against the aromatic =C-H stretching at
3058 cm'1. The initiating radicals for the thermal reaction may have been derived from 
thermal homolysis of impurities including peroxides or hydroperoxides formed due to the 
presence of oxygen.80 They concluded that the rate of cure reaction increased with 
increased temperature. Cures at low temperature required long reaction times. The 
initial steep rise in the conversion with time followed by a very gradual increase 
suggested the kinetic behavior of a diffusion-limited system. The combined effects of the 
decreases in the concentration of reactive ends and the diffusive movements of these 
ends due to increased viscosity explains the decreased reaction rate. The average 
reaction order obtained from their studies was one. The overall activation energy was 
determined to be 135 kJ/mol. They proposed that the initial polymerization product was
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a branched polyene structure that could subsequently undergo a variety of addition 
reactions to form a crosslinked polymer system.
DSC studies of Sastri et al.80 did not corroborate their FTIR results. The DSC 
trace showed no significant area under the cure exotherm for samples that had been 
annealed at 240°C for 3 hours; however, the FTIR scan showed an ethynyl peak at 2212 
cm'1. The intensity of the ethynyl peak was not consistent with the near absence of an 
exotherm since both depend on the extent of cure. The limiting factor for the DSC 
technique was probably the diffusion controlled nature of the advanced cure reaction that 
proceeds very slowly at higher conversions. Thus, the enthalpy values reported from 
DSC studies was for an incompletely cured product. A sharp increase in viscosity after 
20 minutes at 280°C support these findings. Long reaction times were also required at 
high temperature to reach completion due to the vitrification of the resin.
Takekoshi and Terry compared the cured properties of phenylethynyl aniline and 
phenylethynylphthalic anhydride endcaps that had been used to synthesize isomeric 
phthalimide model compounds, N-(3-phenylethynyl)phthalimide and N-phenyl[4- 
(phenylethynyl)phthalimide].76 The thermal reactions were carried out in sealed tubes at 
various temperatures, heating rates and hold times. Cure products were dissolved in 
acetonitrile and analyzed by HPLC using a C-18 reverse phase column and an 
acetonitrile/water gradient. The resulting products were an extremely complex mixture 
with a significant amount of monomer. This mixture was further analyzed using field 
desorption mass spectroscopy (fd-ms). Surprisingly, the fd-ms spectra did not show the
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expected dimer, trimer, tetramer, etc. dominant cure products, but rather it contained 
several major products attributed to fragmentation of primary products or intermediates. 
These degradation products were formed at 360°C in a sealed tube, primarily by the 
scission of the acetylenic bonds, expelling benzyl radicals and cations. The authors 
believed that these were more likely to be the secondary products expelled from primary 
addition products, possibly unstable polycyclic compounds. Similar MS results were 
obtained for both isomeric compounds as expected; however, fragmentation patterns 
indicated that the products of phenylethynyl aniline endcapped phthalimde were less 
stable than the phenylethynylphthalic anhydride. This could be due to the stabilization 
effects of the electron withdrawing carbonyl groups. However, when later compared to 
a non reactive phthalic anhydride endcap control, the control exhibited greater stability.
The thermal reaction of N-(3-phenylethynyl)phthalimide was slow. It had second 
order kinetics and an activation energy of 31.6 kcals/mol. Comparison with a kinetic 
study of the thermal reaction of N-phenyl[4-(phenyIethynyl)phthalimide] showed this 
model compound to react more quickly and to more closely follow first order kinetics, 
perhaps indicating different rate controlling steps for the two model compounds. The 
activation energy was calculated to be 36.5 kcals/mol.
Johnston and his co-authors studied the effects of substituted 
phenylethynylphthalic anhydrides on cure temperatures, rates and properties.75 They 
found that the cure reaction was promoted by electron withdrawing groups attached to 
the phenylethynyl moiety. The cure for these samples was initiated at lower
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temperatures and faster rates than the unsubstituted phenylethynyl phthalic anhydride. 
The oligomers with phenylethynyl phthalic anhydride containing cyano or 
perfluoromethyl groups had comparable thermooxidative stability to those endcapped 
with phenylethynyl phthalic anhydride, while those containing benzoyl or perfluorophenyl 
groups displayed slightly less. However, as in previously mentioned studies, control 
oligomers endcapped with phthalic anhydride displayed the best thermooxidative 
stability.
Gandon and his associates published two recent papers on the cure of 
arylacetylenes in which they proposed a step-growth mechanism for thermal cure.80,81 
They used the monofunctional model compound 4-(l-hexyloxy)phenylacetylene to study 
the cure mechanism utilizing high pressure liquid and size exclusion chromatographies 
(HPLC, SEC), proton and ,3C nuclear magnetic resonance spectroscopies (2H and I3C 
NMR) and secondary ion mass spectrometry (SIMS) techniques. They proposed three 
possible reaction pathways once a dimer radical was formed: ( 1) intramolecular 
cyclization giving napthalenic or other aromatic products; (2 ) coupling with another 
radical present in the reaction mixture; and (3) chain extension if monomer was available. 
Option (1) was ruled out based on analysis of reaction products that did not include 
supporting structures. Reactions (2) and (3) were not ruled out and there appeared 
evidence for a fourth reaction path based on an unexpected reaction product, a 1,2,3- 
trisubstituted trimer, with (4) being a stepwise activated monomer mechanism. Although 
a thermal [2 + 2] reaction is not favored according to Woodward-Hoffman rules, they
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considered the molecular overlap between the two monomers to be a sufficient driving 
force for the reaction. They proposed a cyclobutadiene intermediate that could not be 
isolated but that formed a stable structure through rearrangement.80
The authors synthesized the following dimers suggested from the literature: 
Glaser, Strauss and Sabourin products shown below in Table 3.2.
Table 3.2 Starting Dimers for Thermal Polymerization
Strauss (enyne) Glaser (diyne) Sabourin
(vinylidene)
2 At — ChC-H ---► At—C=C—CH=CH-Ar Ar— C=C—C s= C — Ar Ar • —C (Ar) = C H i
A comparative DSC study was performed that showed that with the exception of the 
Sabourin dimer that completely polymerized at 180°C, the other dimers polymerized at 
higher temperatures than the monomer. The diyne structure had both higher average 
molecular weight and degree of polymerization. The enyne dimer achieved high 
molecular weights, however, with a lower degree of polymerization than the diyne dimer.
Monomer products included napthalenic and benzenic products, while the dimers 
had different types of products. SIMS data confirmed these results. Because the linear 
dimers, except the Sabourin vinylidene dimer, had a lower rate o f reaction than the 
monomer implied that the dimers should accumulate during the reaction if they were 
reaction intermediates. This was not observed experimentally. Thus, the authors
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concluded that the dimers given in Table 3.2 were not formed as intermediates during the 
thermal polymerization of the monomer.
Analysis of the cure products of the monomer was conducted, then their 
structures were confirmed using HPLC and NMR. They concluded using preparative 
HPLC that 30% of the cure products had the structures given in Figure 3.10:
Ar
Ar RO
V
Ar = RO
- ©
R = nC6Hi3
Figure 3.10 Reaction Products for Thermal Cure of 
4-(l-hexyIoxy)phenylacetyIene
Preparative HPLC analysis indicated that the relative amounts o f these aromatic entities 
were: 40% of L 40% of V, 15% of IV, 5% of IL and in could not be quantified. SIMS 
analysis confirmed a large amount of dimers and trimers and detected a degree of 
polymerization of up to 14. Curing samples at higher temperatures and longer hold
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times resulted in an apparent depolymerization process. At a 280°C cure temperature, 
the sample reached a maximum average molecular weight after two hours, then the 
average molecular weight decreased until it leveled off after seven hours of thermal cure. 
Even after prolonged cure, no new species were detected in the reaction products. This 
depolymerization process was explained by the expulsion of aromatic moieties to form 
shorter chain diradical species.
The authors proposed a bimolecular initiation followed by addition in either head- 
to-head, head-to-tail or tail-to-tail manner to form a diradical species. The diradicals 
could then proceed via two reaction pathways: a termination process involving 
intramolecular cyclization followed by an irreversible aromatization giving a napthalenic 
species or propagation by the addition of another monomer molecule to form trimer 
diradical. The newly formed trimer and each subsequent reaction product can similarly 
proceed along two reaction pathways: termination by cyclization-aromatization to give 
trisubstituted benzene species as shown in Figure 3.10 or propagation to form a diradical 
tetramer. Propagation by diradical coupling could occur, however, it would be limited to 
low molecular weight species, because high molecular weight polymers were not 
observed. Their formal reaction scheme is given in Figure 3 .11.81
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Figure 3.11 Thermal Cure Mechanisms of Phenylacetylene
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Several novel uses of the phenyl ethynyl group have appeared in the literature. 
Lindley and Reinhardt82 used pendant phenylethynyl groups to promote intramolecular 
cycloaddition (IMC) to increase chain rigidity by the formation of the fused 9- 
phenyldibenzanthracene structure without increasing the brittleness caused by a 
crosslinked system. This work was based on similar studies by Hedberg and Arnold in 
the 1970’s using 2,2’-di(phenylethynyl)biphenyl.*3,84 Comparison of spectral data from 
the cured system and 9-phenyldibenzanthracene supported the theory that the cure 
proceeded by an intramolecular cyclization rather than an intermolecular crosslinking 
reaction. Figure 3.12 shows the proposed IMC reaction. Hedberg, et al. later studied 
both the phenylethynyl IMC reaction and the terminal acetylene crosslink reaction.85 
They proposed that a system containing IMC reactants could improve the cure and the 
properties of cured polymers because the reaction is not diffusion controlled, whereas 
terminal acetylene curing is. They also noted that at 200°C a significant portion o f both 
terminal and pendant reactive groups remained unreacted after a two hour hold.
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200-225C
Figure 3.12 Intramolecular Cycloaddition Reaction
Reichert and Mathias used phenylacetylene and diphenylacetylene to terminate 
tetraphenyladamantane to cure into three dimensional all-hydrocarbon networks.86 They 
used FTIR and 13C-NMR to monitor the cure by noting changes in the carbon-carbon 
triple bonds. Based on NMR results, they proposed that the cure mechanism involved 
the formation of an acetylene-containing intermediate and/or product structure that 
resulted in additional peaks for sp carbons in the 75-85 ppm region of the spectrum. 
Their data suggested that an entirely aromatic and/or extended polyene structure was 
formed that still contained adamantane cores.
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Finally, a recent effort has been made to monitor the cure of phenylethynyl 
terminated polyimides in situ using UV reflectance spectroscopy with a bifurcated optical 
fiber with a probe tip attachment.87 The results were mixed, with the effort to monitor 
the cure using UV reflectance spectroscopy a failure, possibly due to the low 
concentration of endgroups. However, this failure led them to use IR spectra to monitor 
the cure by noting the disappearance of the peak associated with the carbon-carbon triple 
bond. Based on their data, they suggested that the reaction of the ethynyl groups stops 
due to vitrification after approximately 91% conversion.
Hinkley and Jensen examined the kinetics of a phenylethynyl terminated 
polyimide, LaRC™ PETI-5.88 They found that lower molecular weight oligimers had a 
higher probability of reaction. They calculated the ratio of elastically effective strands to 
the total number of initial chains and found it to be 1:5.7 for a 5500 g/mol sample. It 
was sightly less at lower molecular weight. If every chain end had participated in a 
tetrafunctional crosslink the ratio would have been 1. Therefore, the system was deemed 
lightly crosslinked. They related the equilibrium stiffness to trapped entanglements and 
found that at higher molecular weights, the modulus was dominated by the 
entanglements. They discovered that the cured resin was 8-17 times softer than 
theoretical values and attributed this to either low functionality of the endlinking nodes 
or an incomplete reaction.
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Several other excellent kinetic studies89"91 on the cure of acetylene and 
phenylacetylene endcaps have been reported, but are beyond the scope of the present 
paper.
In summary, the study of the cure of phenylethynyl endcaps is fairly recent. 
Compounds used to terminate monomers and oligomers with phenylethynyl endcaps 
have varied with different effects on the properties of the cured materials. Many papers 
have reported their synthesis and the properties associated with the uncured and cured 
materials. The phenylethynyl endcap’s primary advantage over the ethynyl endcap is its 
extended processing window. Other advantages include increased solvent resistence, 
improved mechanical properties and higher use temperatures. Interestingly, the addition 
of the phenylethynyl endcap does not improve thermooxidative stability, it actually 
decreases slightly for some systems reported.
Several reports described intramolecular cyclization reactions by compounds 
containing pendant phenylethynyl groups. These results suggested that intramolecular 
cyclization occurs in spite of obvious steric hindrance caused by bulky benzene rings. 
However, few supported the notion that high molecular weight oligomers with terminal 
phenylethynyl groups initially form cyclic structures. Most proposed a mixture of 
products that consisted primarily of polyene chains which may undergo secondary inter- 
and intra- molecular reactions later in the cure. Gandon and his coauthors suggested a 
cyclobutadiene intermediate that rearranged to form a stable product. They ruled out 
most commonly accepted initial pathways, including Glaser and Strauss coupling based
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on the fact that these products did not appear in the final reaction product mixture. 
However, they used prolonged cure times, up to 40 hours, and it is conceivable that 
these unsaturated products participated in further reactions. They isolated and identified 
low molecular weight cyclic species which accounted for 30% of the reaction products. 
They also reported a depolymerization process after 2 hours at cure temperature that 
levels off after 7 hours.
Sastri et aI.77,78 found a direct correlation between actvation energy and the 
stability of radicals formed by thermal initiation, similar to results reported for 
acetylenes. They reported that the rate of reaction increased with increased cure 
temperature and that phenylethynyl terminated systems had the kinetic behavior o f a 
diffusion-limited system. They discovered that long reaction times were required for 
complete conversion at both low and high temperatures: at low temperatures due to 
slower reaction rates, and at high temperatures due to vitrification of the resin. Their 
conclusions have been supported by studies that show that after prolonged cure times, 
some carbon - carbon triple bonds remain. Hinkley and Jensen reported resins that were 
8 - 17  times softer than theoretical values perhaps indicating an incomplete reaction.
Most papers conceded the need for future work in the study of the thermal cure of 
phenylethynyl terminated oligomers.
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Chapter 4: EXPERIMENTAL
4.1 Characterization of PETI-5 and 8515
4.1.1 Materials
LaRC™ PETI-5 (PETI-5)
PETI-5 airnc acid, lot # 048-112 amic acid, 35% solids in NMP was received 
from Imitec, Inc., Schenectady, N.Y. PETI-5 is a phenylethynyl terminated 
polyimide which reacts at elevated temperatures to form a lightly crosslinked 
thermoset. An 8.9% stoichiometric offset of the biphenyl dianhydride and 
endcapping with phenylethynylphthalic anhydride controls molecular weight to a 
theoretical number average molecular weight (Mn) of -5,500 g/mol. Synthesis of 
PETI-5 has been reported elsewhere. 1 Solution imidization is described in 
section 4.1.2.
sc
0.85n0.15(1
Figure 4.1 LaRC™ PETI-5
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LaRC™ 8515 (8515)
8515 imidized powder, lot # 045-077 was received from Imitec, Inc., 
Schenectady, N. Y. LaRC™ 8515 is a thermoplastic polyimide with the same 
backbone structure as PETI-5. A 5% stoichiometric offset of the biphenyl 
dianhydride and encapping with a phthalic anhydride controls molecular weight 
to a theoretical number average molecular weight (Mq) of -9,200 g/mol. 
Synthesis of 8515 has been reported elsewhere.2
0.15n Q.85n
Figure 4.2 LaRC™ 8515
4.1.2 Solution Imidization of PETI-5 Amic Acid
4.1.2.1 Materials
Phenylethynyl Terminated Imide (PETI-5) Amic Acid
Empirical formula:
Repeat unit (0.85 mols): C28H 14N2O5
Repeat unit (0.15 mols): C34H 18N2O6
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Endcap: 
Molecular weight:
Supplier:
c 16h 8n o 2
approximately 5,500 g/mol 
(8.9% stoichiometric offset then 
endcapped with PEP A) 
Imitec; Lot # 048-112 
35% Solids in NMP
N-Methyl-2-Pyrrolidinone (NMP) 
Empirical formula:
Boiling Point:
Density:
Supplier:
C5H9NO 
81-82 C/10mm 
1.033 g/cm3
Fisher Chemical Company
Toluene
Empirical formula: C?Hg
Boiling point: 110- 111°C/1 atm.
Density: 0.867 g/cm3
Supplier: Aldrich Chemical Company
4.1.2 .2  Procedure
The structure of PETI-5 imide is shown in Fig. 4.1. The imidization reaction is 
given in Figure 4.3. Imitec PETI-5 amic acid at 35% solids in NMP, (400 ml) 
was placed in a two-liter, three-necked round bottom flask. Then 200 ml of 
additional NMP and 100 ml of toluene were slowly poured into the flask. The
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flask was equipped with a mechanical stir rod, a thermometer and a Dean-Stark 
trap. The reaction mixture was heated to 172°C and held overnight to insure 
complete imidization. Toluene was used to remove water formed during the 
cyclization reaction. After cooling, a yellow powder precipitated. The 
precipitate was washed in a blender twice with deionized water, then collected by 
filtration. The imidized powder was dried at 100°C overnight under vacuum to 
remove residual water. The powder was then heated at l°C/min. to 225°C and 
held under vacuum for two hours to remove residual NMP. Imidized PETI-5 
powder (108.9 grams) was collected and stored in a desiccator.
4.1.3 Elemental analysis
Elemental analysis was performed by Oneida Research Services, Inc., 
Whitesboro, N. Y., on both fully cured (cured one hour @ 371°C) and uncured 
samples of solution imidized PETI-5 and the analogous non phenylethynyi- 
terminated polyimide, 8515.
o o
NMP 30% Solids/ 
Toluene
O
Figure 4.3 Imidization Reaction of PETI-5 Amic Acid
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4.1.4 Solid Probe - Mass Spectroscopy (SP-MS)
SP-MS was performed on solution imidized PETI-5 and 8515 using a Finnegan 
4500 instrument equipped with a temperature programmable solid inlet probe. 
Samples were held at 30°C for 0.5 min., then heated at 20°C/ min. to 350°C and 
held an additional 0.5 min. The sample was allowed to cool from 350°C to room 
temperature. The MS range was m/e 35 - 1000 amu with a scanning rate o f 2 
seconds/scan.
4.1.5 Thermal Analysis 
Thermogravimetric Analysis (TGA)
Thermogravimetric analysis was performed using a Seiko Instruments TG/DTA 
5200. Samples were heated at 2.5°C/min. to 600°C in air flowing at 15 cm/s. 
Thermal oxidative stability (TOS) was determined by temperature at 5% weight 
loss.
Differential Scanning Calorimetry (DSC)
Differential scanning calorimetry was performed on PETI-5, 8515 and all model 
compounds to determine glass transition and/or melt temperatures. All samples 
were run in air at 20°C/min. to the desired temperature, quenched, and reheated 
at 20°C/min. The glass transition temperature was obtained on the second heat
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as the inflection in the baseline of the plot of heat flow (W/g) vs. temperature 
(°C). The melt temperature was indicated by the onset of an endothermic peak. 
Temperature calibration was achieved using an indium standard which has a melt 
temperature of 156.6°C.
4.1.6 Thermal Cure
Incremental Cure
Solution imidized PETI-5 was cured using a Fisher-Johns melting point 
apparatus equipped with a light and a magnifying lens. The powder sample was 
placed between 1.8 cm. circular microscope cover glasses and the temperature 
was monitored by an Omega thermocouple with a digital readout display. 
Individual samples were heated at approximately 10°C/ min. to temperatures 
beginning at 50°C and increasing in 25°C intervals to 400°C. Each sample was 
quenched upon obtaining the desired temperature. Observable physical changes 
were noted. Samples were then examined using infrared spectroscopy.
Isothermal cure
Isothermal cures were performed using a DuPont 9900 Differential Scanning 
Calorimeter (DSC). Samples of PETI-5 and 8515 were heated at 20°C/min. to 
325, 350 and 375°C and held for 0, 15, 30, 45, 60, 90 and 120 minutes.
Samples heated at the same rate to 400°C were held 0, 1, 2 , 3, 5, 7, 10, 15 and 
30 minutes. After cure, samples were quenched, then heated again at 20°C/min.
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to 400°C to determine the glass transition temperature. Model compounds were 
heated at 10°C/min. to 325°C or 375°C and held up to 60 minutes at the chosen 
cure temperature.
4.1.7 Diffuse Reflectance Fourier-Transform Infrared Spectroscopy (DR-FTIR)
DR-FTIR was performed over a range o f4000 - 400 wavenumbers (cm 'l) using 
a Nicolet Magna-IR 750 infrared spectrometer equipped with a liquid nitrogen 
cooled MCT/A detector. Finely ground potassium bromide (KBr) was used as a 
background. The samples were prepared at approximately 4% by weight KBr 
and mounted in a Harrick Scientific, Ossining, NY, Praying Mantis Difiuse 
Reflectance Attachment (DRA). Backgrounds and samples were scanned under 
a nitrogen purge 128 times at resolutions of either 1 or 2 cm 'l and at a gain of 
4.0. The general DR-FTIR technique has been reported elsewhere.3
4.2 Model Compounds
4.2.1 Materials
4-Phenoxy-4'-phenylethynylbenzophenone (4-PPEB)
An arylene ether model compound
The synthesis has been previously reported.4
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Figure 4.4 4-phenoxy-4’-phenyIethynyIbenzophenone (4-PPEB)
4-FIouro-4'-PhenylethynyIbenzophenone (4-FPEB)
An arylene ether model compound as received from DayChem, Inc. 
The synthesis has been previously reported.4
Figure 4.5 4-fluoro-4’-phenylethynylbenzophenone (4-FPEB)
Diphenylacetylene (DPA)
A model compound as received from Fluka Chemical, Buchs, Switzerland
< 0 ^ c-<0>
Figure 4.6 Diphenylacetylene (DPA)
4.2.2 High Pressure Liquid Chromatography (HPLC)
HPLC was performed on the model compounds 4-flouro-4'-phenylethynyl- 
benzophenone and 4-phenoxy-4'-phenylethynylbenzophenone using a Waters 490 
Programmable Multiwavelength Detector, a Waters 510 HPLC pump and a
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Waters Automated Gradient Contoller. The detector wavelength was set at 254 
nm. with a sensitivity of 0.05 AUFS. Both model compounds were run 
isocratically in chloroform at 0.5 ml/min. using a Waters Porasil 125A (3.9 xl50 
mm.) column.
4.2.3 Liquid Chromatography - Mass Spectrometry (LC-MS)
Reverse phase gradient chromatography in combination with mass-spectroscopy 
was performed using a Fisons System (Manchester, U.K.) with a VG platform at 
Virginia Polytechnic and State University. The UV detector wavelength was 260 
nm. and the absorbance was 0.001 AU. Samples were run in acetonitrile/ water 
at 1 ml/min. and 85 bar pressure through a Prodigy ODS-2 Phenominex C-18 
column. Electron ionization (El) cone voltage was varied from 15 to 50 eV 
depending upon the amount of fragmentation desired. Each UV and total ion 
current (TIC) curve obtained had the background subtracted and was smoothed.
A schematic of the VG Platform is given in Figure 4.7. The sample 
mixture is carried by the mobile phase solvents to the column where it separates 
into fractions based on the amount of interaction taking place between the sample 
and the column. Once separated, each fraction enters the heated nebuliser probe 
which pneumatically converts it into an aerosol and heats it rapidly into the 
vapor/gas phase at the probe tip. Hot gas from the probe enters the heated 
volume o f the source which contains a corona discharge tip. The resulting ions 
are focused using an RF lens into the quadrapole analyzer and prefilter before
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Figure 4.7 VG Platform and Atmospheric Pressure Chemical Ionization Schematic
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entering the detector. Data is recorded using a PC workstation equipped with 
MassLynx software.
4.2.4 UV-Visible Spectroscopy
Spectra were obtained using a Perkin-EImer Lambda 4A UV/Vis Spectrometer. 
The scanning range was 400 - 190 nm. The samples were run in chloroform with 
a concentration of 0.073 mg/ml.
4.2.5 lH and Nuclear Magnetic Resonance (NMR)
Solution lH and NMR spectroscopy was performed at Clark-Atlanta 
University, Atlanta, Georgia, by Dr. Jeff Cortopassi on 4-phenoxy-4'- 
phenylethynylbenzophenone in chloroform using a Bruker AMX-400 FT-NMR. 
Proton spectra were run at 400.1 MHz. with a delay time of 1 second. ^ C  
NMR were run at 100.6 MHz. with a delay time of 4.0 seconds. Samples were 
scanned 1000 times.
4.2.6 Electron Spin Resonance (ESR)
Electronic Spin Resonance was performed using A Varian E-line Century Series 
Electron Paramagnetic Resonance Spectrometer System with an E-102 
Microwave Bridge. PETI-5 and 4-PPEB were cured in a preheated oven in 
quartz sample tubes and run after quenching in an ice bath. Samples were 
scanned 30 times at 30 seconds per scan with two seconds between scans. The
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field center was located at 3391 gauss with a scan range that varied from 100 - 
500 gauss depending on the sample. Modulation amplitude was generally 8 
gauss peak to peak. Microwave power was 12.5 mW and frequency varied from 
9.40 - 9.45 GHz. Receiver gain and phase varied according to the intensity of 
the signal produced by the sample. The spectrometer recorded the first 
derivative of the ESR signal and the double integral was calculated to give the 
area under the curve which related to the number of free electron spins in the 
sample. G - values were also obtained at the inflection point of the raw double 
integral curve. G-values are analogous to chemical shifts and relate to radicals in 
different chemical environments.
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Chapter 5: RESULTS AND DISCUSSION
5.1 Elemental Analysis
Elemental analysis was performed on uncured and cured samples of PETI-5 and 
uncured 8515 heated to 371°C and held 1 hour. Elemental analysis was expected 
to be the same for cured and uncured samples as the cure occurs with no 
evolution of volatiles. Elemental analysis calculated for PETI-5: C, 73.93%; H, 
3.14%; N, 5.97%; found, uncured: C, 73.68%; H, 3.00%; N, 5.73%; cured: C, 
73.49%; H, 2.95%; N, 5.64. Elemental analysis calculated for LaRC 8515: C, 
73.20%; H, 3.11%; N, 6.09%; found: C, 72.96%; H, 2.95%; N, 5.82%. These 
results indicate that PETI-5 cures nonoxidatively in air, but rather through 
thermal rearrangement. The radical nature of the cure of endcaps containing the 
carbon - carbon triple bond has been proven by using radical inhibitors1 and 
initiators,2 electron spin resonance3 and other analytical methods.4*8
5.2 Solid Probe-Mass Spectrometry (SP-MS)
SP-MS was performed as part of the initial baseline characterization of PETI-5 
and 8515. The 8515 sample was run three times with spectra showing no 
significant peaks, indicating no significant volatilization of the polymer. Three
71
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peaks are apparent in the thermal total ion current curve of solution imidized 
PETI-5 as shown in Figure 5.1. The first ion peak had a non significant intensity. 
The second peak at a volatilization temperature o f 130°C showed a significant 
amount o f bisphenol, molecular weight 228.29 g/moi. Peaks were observed at 
m/z 228.2 amu and 213.1 amu, which was the base peak and corresponds to 
bisphenol A with the loss of a methyl group. A small amount o f NMP, molecular 
weight 99.13 g/mol, was present as indicated by the m/z peak at 99.1 amu. The 
third chromatographic peak primarily showed decomposition products, as 
indicated by the CO2  m/e base peak at 44.0 amu. The mass-spectra of peaks two
and three are shown in Figure 5.2. The results o f SP-MS indicate that the 8515 
and PETI-5 oligomers with rigid backbones, decompose before volatilizing. The 
only significant fragmentation observed was attributed to the presence o f residual 
solvents.
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Figure 5.1 Solid Probe Ion Current Curve of PETI-5
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Figure 5.2 Mass Spectra of Peaks 2 & 3 of Solid Probe Chromatogram
in Figure 5.1
5.3 Diffuse Reflectance Fourier-Transform Infrared Spectroscopy
DR-FTIR was performed on PETI-5 and 8515. The spectra shown in Figure. 5.3 
are very similar and contain typical imide peaks at approximately 1775, 1730,
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1380 and 720 cm.'1 The peak at 3480 cm.'1 appears to be an overtone of the 
1730 cm.'1 band. The spectrum of PETI-5 contains a sharp peak of medium 
intensity at 2213 cm.'1 due to the carbon-carbon triple bond in the endcap. 
Unfortunately, carbon-carbon bonds are not very active in the infrared. Raman 
spectroscopy may prove to be more useful to study these materials.
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Figure 5.3 DR-FTIR Spectra of 8515 and PETI-5
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5.4 Thermal Analysis
5.4.1 Thermogravimetric Analysis (TGA)
Thermogravimetric analyses were performed on solution imidized powders o f 
PETI-5 and 8515 at a heating rate o f 2.5°C/min. to determine thermooxidative 
stability. PETI-5 showed 5% weight loss at 505°C, while 5% weight loss for 
8515 was at 525°C. These results appear to indicate that phenylethynyl endcaps 
do not improve thermooxidative stability when tested with dynamic TGA. 
Similar results have been previously reported.*'13 The results for PETI-5 and 
8515 are shown in Fig. 5.4.
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Figure 5.4 TGA Results of Solution Imidized Powders of 8515 and PETI-5
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5.4.2 Differential Scanning Calorimetry (DSC)
The glass transition temperatures for PETI-5 and 8515 were determined by DSC 
at a heating rate of 20°C to 400°C, as described in section 4.1.5. The average 
first heat Tg for 8515 was 240°C and 239°C for the second heat. The average 
results for PETI-5 were 217°C for the first heat and 237°C for the second heat. 
Typical DSC curves for 8515 and PETI-5 are given in Fig. 5.5.
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Figure 5.5 Typical DSC curves for 8515 and PETI-5
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5.4.3 Thermal Cure
5.4.3.1 Incremental Cures
Samples of PETI-5 were observed on heating in 25°C increments from 50°C to 
400°C on a Fisher-Johns melting point apparatus and then quenched. This 
procedure produced fifteen samples, the last of which was heated to 400°C, then 
quenched. Samples heated between 50 - 225°C showed no physical changes. At 
240°C a small amount of coalescence was observed. No additional change was 
noted until the samples were heated to 350°C, at which temperature they 
darkened slightly. At 360°C the specimen began to melt, became amber in color 
and formed droplets. The 360°C observable melt temperature agrees with DSC 
results given in Fig. 5.5. At 375°C the samples were fully melted and hardened 
after quenching.
The solid specimens were ground with KBr, but the mixture did not provide 
acceptable DR-FTIR spectra. Thus, unground specimens were placed directly on 
top of the KBr and spectra obtained. Spectral resolution provided information 
about major functionalities present in the sample, but was inadequate to observe 
fine structure in the fingerprint region. Several DR-FTIR spectra are shown in 
Fig. 5.6. These results did, however, indicate that isothermal cures should be 
carried out at 325°C, 350°C, 375°C and 400°C because little change was evident 
when the sample was held at temperatures below 325°C for 2 hours. Above 
325°C, measurable changes took place which give insight to the cure process.
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Cures over 400°C were impractical because they would have exceeded the limits 
of available ovens.
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Fig. 5.6 DR-FTIR Spectra of Incremental Cures of PETI-5
5.4.3.2 Isothermal Cures
The results of isothermal cures are summarized in Table 5.1. Tg was monitored 
to indicate degree of cure. The material was judged fully cured when the Tg 
remained constant regardless of increased temperature or hold time. Typical 
second heat DSC curves for PETI-5 are shown in Fig. 5.7.
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Table 5.1 ISOTHERMAL CURES of PETI-5: 
DSC GLASS TRANSITION TEMPERATURES
Isothermal Cure Temperature (°Q
Hold Time Hold Time
(min.) 325° 350° 375° (min.) 400°
0 212 221 229 0 237
15 224 238 268 1 251
30 232 259 270 2 260
45 245 267 271 3 264
60 249 269 273 5 265
90 254 270 273 7 269
120 260 271 273 10 269
15 271
30 271
The cure of PETI-5 was apparently both time and temperature dependent.
These data are consistent with the hypotheses that cure is achieved via a radical 
reaction as has been previously proposed.l*® The Tg of the uncured PETI-5 was 
found to be 217°C and maximum Tg was 273°C. This system was defined as 
fully cured when the Tg reached 270°C, the average maximum Tg for the PETI-5 
samples in the 350, 375 and 400°C cures. At 400°C, a maximum Tg was 
achieved in 12.5 minutes, with most of the cure occurring in the first three 
minutes. At 375°C, maximum Tg was achieved in 30 minutes, with most of the 
cure occurring in the first 15 minutes. At 350°C, it required 90 minutes, with 
most of the cure occurring in 45 minutes. At 325°C, the cure was gradual with
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the material not obtaining a target Tg o f270° C after two hours. At 325°C, the 
maximum Tg achieved was 240°C indicating that the system was not fully cured 
after a two hour hold or, perhaps, that cure proceeded through different reaction 
mechanisms at lower temperature.
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4a  min.
0 . 1 -
2S9*C
• -O.i-
-0.3-
336.98 *C- 0 .3
200
Taaparatur* (*C3
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Figure 5.7 DSC Curves for PETI-5 Cured at 350°C with 
0,15,30 ,45, 60 and 120 Minute Holds
Some curing occurred by simply ramping to a temperature of at least 325°C and 
quenching the sample. Higher cure temperatures produced greater initial changes 
in Tg. Additionally, increasing cure temperature dramatically reduced the amount
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of hold time necessary to achieve a full cure, especially over 350°C. These 
results are consistent with a study that indicated that at higher temperatures more 
initial free radicals are formed.3 The results are shown graphically in Fig. 5.8. 
The steepness of slopes in Time vs. Glass Transition Temperature curves 
indicates the rate of cure at each temperature. As expected, the higher the cure 
temperature, the steeper the slope and, therefore, the faster the cure.
ISOTHERMAL CURES OF PETI-5 
Hold Time (min.) v. Glass Transition Tem perature (®C)
280
270
260
250
240
325C
350C
375C
400C
230
220
210
200
0 20 40 60 10080 120
Hold Time (min.)
Fig. 5.8 PETI-5 ISOTHERMAL CURES: Glass Transition Temperature (Tg)
vs. Time at Temperature
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The analogous non phenylethynyl-terminated 8515, was examined under similar 
cure conditions. Table 2 gives results for 350°C cure. A constant Tg of 
essentially 240°C was observed. This is substantially lower than the Tg observed 
for PETI-5. The higher Tg for PETI-5 probably refleas a network structure in 
which the phenylethynyl endcaps provide sights for chain extension and 
crosslinking. The Tg of the 8515 system did not change with length of cure, 
typical of most thermoplastic materials.
Table 5.2 ISOTHERMAL CURE LARC™ 8515:
DSC GLASS TRANSITION TEMPERATURES FOR 350°C CURE
 Hold Time (min.)_______  Tg (°C)________
0 238
15 240
30 239
45 241
60 240
90 241
120 240
Isothermally cured PETI-5 samples were also examined using DR-FTIR. In 
particular, the carbon-carbon triple bond peak at approximately 2213 cm.'1 was 
monitored as an indicator of cure. In the uncured material, this peak was sharp 
with medium intensity. As the cure progressed, this peak became less defined 
and the area under the peak decreased as the number of available reactive 
endcaps decreased. The continued presence of this peak after the samples had 
achieved their maximum Tgs indicated that unreaaed carbon-carbon triple bonds
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remained in the cured material, or that new carbon-carbon triple bonds had 
formed, or both. The increased viscosity of the sample makes it more difficult for 
the reactive endcaps to diffuse together to react. Similar results have been 
reported previously.2,15'17 The diffuse reflectance technique is not suitable for 
quantifying the amount of carbon - carbon triple bonds remaining in the 
specimen. Reflected radiant energy is partially absorbed and partially scattered 
by the surface and has no defined angle of reflection.18 Off-axis ellipsoidal 
mirrors collimate the reflected radiation,19 therefore, a Beer-Lambert law 
correlation, which uses absorbance for quantitative analysis, cannot be 
established.
The ethynyl peak also shifted to lower wavenumber with cure. As the 
cure progressed the effective molecular weight increased, thus the frequency 
decreased in keeping with the relationship v= (l/27t)( / / M)172 where v = 
vibrational frequency, /  = force constant of the bond and M = mass.20 The 
peaks of interest around 2200 cm.'1 in the spectra for the 350°C cure are shown 
in Fig 5.9. Similar results were obtained for the 375 and 400°C cures; however, 
the shift to lower wavenumber was more pronounced and rapid at higher cure 
temperatures. The 2213 cm'1 peak of the 325°C cure did not shift significantly 
over the 2 hour cure perhaps indicating the molecular weight had not increased 
substantially to effect the vibrational frequency. The shift in wave number could 
also be due to new carbon-carbon triple bonds formed at the higher cure 
temperatures that reside in a slightly different chemical environment or an 
increase in molecular strain in the curing material.21
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Fig. 5.9 DR-FTTR Shift in Ethynyl Peaks of 350°C Cures
5.5 Correlation Studies
Data were analyzed to determine possible correlation between cure time, 
temperature, and shift in wavenumber for the carbon - carbon triple bond. The 
results are tabulated in Table 3. The PETI-5 cured at higher temperature 
exhibited a greater shift in the carbon - carbon triple bond peak, while samples 
cured at 325°C did not exhibited no significant wavenumber shift. The faster this 
material cured, the greater the final shift in carbon - carbon triple bond frequency, 
indicating that at higher temperatures this material may cure via different 
mechanisms or that the lower cure temperature may produce lower molecular 
weight species.
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Table 5.3. ISOTHERMAL CURES of PETI-5:
ETHYNYL PEAK DR-FTIR WAVENUMBER vs. Tg
Cure Temp. Hold Time Tg Wavenumber Relative Area
(°C)__________(min.)__________ (°C)_________ (cm’1) (arbitrary units)
375 0 229 2212.1 289.2
15 268 2209.9 77.9
30 270 2199.6 50.0
45 271 2196.4 42.6
60 273 2196.0 41.1
350 0 221 2212.6 269.4
15 238 2212.1 133.5
30 259 2211.2 187.7
45 267 2211.2 102.8
60 269 2210.5 68.3
325* 15 224 2213.1 391.0
30 232 2212.1 245.6
45 245 2212.1 305.4
60 249 2211.8 120.4
* Only one DR-FTIR spectrum was run for 15-30 minute hold times. All other results 
reported are the average of three trials.
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Figure 5.10 Shift in Ethynyi Peak Wavenumbers With Cure
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5.6 Model Compounds
4-fluoro-4'-phenylethynylbenzophenone (4-FPEB) and 4-phenoxy-4'- 
phenylethynylbenzophenone (4-PPEB) were selected as model compounds to 
help elucidate the cure mechanisms for phenylethynyl terminated polymers.
These materials were chosen because they contain the same phenylethynyl group 
as the oligomer and are soluble in numerous solvents, even when fully cured. 
They were used in the synthesis of some of NASA’s early work on 
phenylethynyl-terminated arylene ethers22 and are more stable than the 
phenylethynylphthalic anhydride used as the endcapping agent. These simple 
structures should be easier to characterize than the complex PETI-5 polymer.
Initial baseline characterization of materials included DSC and DR-FTIR. The 
fluorinated model compound was initially heated to 300°C at 20°C/min., 
quenched and reheated to 400°C at the same rate. The thermogram indicated a 
sharp endothermic melting peak at 154°C in the first heat for the 4-FPEB. Upon 
reheating, an endotherm was observed at 325°C followed by an exotherm at 
375°C. The 4-PPEB was initially heated to 350°C at 20°C/rain., quenched and 
reheated to 400°C at the same rate. A sharp endothermic melting point at 169°C 
was observed in the first heat for this compound. The second heat showed a 
slight exotherm between 350°C and 400°C. Neither model compound exhibited 
a glass transition. Based on DSC results, the 4-FPEB was cured at 325°C and the 
4-PPEB compound was cured at 375°C.
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DR-FTIR spectrum for 4-FPEB in Fig. 5.11 shows a strong carbonyl peak at 
1649 cm.'1, a carbon - carbon triple bond peak at 2213 cm.'1, and a 
monofluorinated aryl peak at 1226 cm.'125
Fig. 5.11 DR-FTIR Spectrum of 4-fluoro-4’-phenylethynylbenzophenone
(4-FPEB)
The DR-FTIR spectrum for 4-PPEB is shown in Fig. 5.12. The carbonyl peak is 
observed at 1644 cm.'1, the carbon - carbon triple bond appeared as a weak peak 
at 2218 cm.'1 and the ether peaks can be found at 1267 and 1070 cm.'1 Para 
substitution on benzene rings can be inferred from medium intensity peaks at 
1114 and 1024 cm.'1 with a strong peak at 839 cm.'126
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Fig. 5.12 DR-FTIR Spectrum of 4-phenoxy-4’-phenylethynylbenzophenone
(4-PPEB)
5.6.1 High Pressure Liquid Chromatography (HPLQ
High pressure liquid chromatography analyses were performed on both model 
compounds in chloroform. These systems were fully soluble in chloroform even 
after a full cure, thus all cure products were present in the solutions. HPLC was 
used to separate cure products based on their interaction with a polar column.
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The chromatogram for uncured 4-FPEB is shown in Figure 5.13. This 
compound gave one strong peak at a retention time of approximately 5 minutes 
with a slight trailing shoulder. An additional small peak at approximately 3.3 
minutes was observed in numerous runs and was determined to be an artifact of 
the column.
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Fig. 5.13 HPLC Chromatogram of 4-FPEB Control
A sample of 4-FPEB was heated to 325° C at 10°C/min. and quenched. HPLC 
showed a new peak eluting at approximately 8 minutes indicating the presence of 
some initial cure product. The monomer peak with a shoulder at approximately 5 
minutes was still the largest peak present, indicating that most of the monomer 
had not reacted. Another sample of 4-FPEB was then heated to 375°C at 
10°C/min. and quenched. Its chromatogram showed a large amount of monomer 
present evidenced by the peak at 5 minutes; however, the peak at approximately 
8 minutes was much smaller. Figure 5.14 shows several new peaks not found in
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the sample cured to 325°C appeared with the most significant peaks occurring at 
13, 14, and 22 minutes.
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Fig. 5.14 Chromatograms of Quenched 4-FPEB: Cured to 325°C and 375°C
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The results for the 375°C quenched cure were compared to the results o f a 
sample cured to 325°C and held for 15 minutes. Numerous additional peaks 
appeared in the latter chromatogram indicating a good separation of cure 
products. Because of these results and the sublimation of the 4-FPEB at higher 
cure temperatures, the remaining studies focused on the 325°C cure. 4-FPEB 
was held for 0, 15,30 and 45 minutes at 325°C and examined using HPLC. The 
resulting chromatograms are given in Figure 5.15 with the peaks numbered.
15 min. hold
ii10
30 min. hold
11
10
45 min. hold
11
isM 4 310 IS13 10
Retention Time (min.)
Fig. 5.15 Chromatograms of 325°C Cures of 4-FPEB
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The monomer peak has been labeled (1). Heating to 325°C and quenching 
resulted in an additional peak (2) which indicated an initial cure product. The 
baseline was not flat and contained small protuberances which were beyond 
identification by the system but which may have indicated additional initial cure 
products present. The major component, however, was unreacted monomer. 
Holding at 325°C for 15 minutes resulted in numerous additional HPLC peaks 
(3-12) and a diminishing of the unreacted monomer peak (1). The initial cure 
product peak (2) observed after the 15-minute hold also appeared to diminish 
indicating that this cure product may have participated in additional reactions to 
form larger oligomers. Most of the new peaks had longer retention times which 
suggests higher molecular weight products. These results support earlier 
research efforts that indicate phenylethnyl and acetylene endcapped systems have 
initial cure products that participate in subsequent reactions.17-27'30
Increasing cure time to 30 minutes resulted in nearly the disappearance of the 
monomer peak as well as the diminishing or disappearance of the first four 
product peaks. No new peaks were noted. Peaks eluted at slightly shorter 
retention times perhaps due to a reduction in the number of active sites on the 
column available for interaction.
This effect was more pronounced for the sample held forty-five minutes which 
had only seven discernible peaks. Higher molecular weight polymeric species 
may have been retained on the column. HPLC separation achieved for shorter 
cures was satisfactory; however, more fully cured samples did not separate well.
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HPLC was then run on the 4-PPEB control and cured samples. The resulting 
chromatograms are shown in Figures 5.16 and 5.17 with the peaks labeled. The 
uncured control showed one major peak (1) with a pronounced shoulder at 
approximately 6 minutes and an additional minor peak (2) approximately 1.5 
minutes later, possibly due to the presence of a small amount dimer. The 4- 
PPEB was heated above its melt temperature to 175°C and HPLC was run. The 
resulting chromatogram showed no significant change from the control; 
therefore, the material was cured well above the melt, at 375°C.
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Figure 5.16 HPLC Chromatogram of Uncured 4-PPEB Control
Heating 4-PPEB at 10°C/minute to 375°C and quenching resulted in numerous 
initial product peaks. The 4-PPEB did not sublime at this cure temperature. 
Thirteen peaks were easily distinguished; they represented different cure products 
or combinations of products. The separation achieved was excellent. Samples 
were then held for cure hold times of 1, 3, 5, 10, 15, and 30 minutes and HPLCs
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were run. These separation results were so promising that this particular model 
compound was studied more extensively than the 4-FPEB.
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Figure 5.17 HPLC Chromatograms of 4-PPEB Samples Cured to 375°C 
and Held 0,1,3,  5,10,15 and 30 Minutes at Temperature
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
96
10 min. hold
15 min. hold
«(0eo
c
>
S  30 min. hold
10
Retention Time —►
Figure 5.17 HPLC Chromatograms of 4-PPEB Samples Cured to 375°C 
and Held 0 ,1 ,3 ,  5,10,15 and 30 Minutes at Temperature
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The number of peaks present in chromatograms remained remarkably constant 
regardless o f cure hold time. At 1 and 3 minute hold times, a large quantity of 
unreacted 4-PPEB was still present, but the amount of product increased even 
with these short hold times. The peak labeled (8) in the sample with 0 hold time 
disappeared from the chromatograms with the 1 and 3 minute holds. Another 
change was the reversal of the intensities o f peaks (2) and (3). At a one minute 
hold, more product eluted off the column which corresponded to peak (3). After 
a 3-minute hold, peak (2) showed stronger intensity. Peak (2) increased with 
longer cure time up to a 15-minute hold. After a 5-minute cure time, the 
chromatogram began to shift with more products eluting at longer retention 
times. The peak labeled (8) reappeared. Peak (7) appeared to lessen as peak (6) 
grew. At 10 and 15 minute hold times, the chromatograms retained the same 
basic peaks, however peaks (3), (4), and (5) decreased significantly with peaks 
(7)-(12) increasing in size. Peak (6) decreased from 10 to 15 minute cure holds. 
After a 30 minute hold time, the chromatogram broadened and became less 
defined and assigning corresponding peaks became difficult. The amount of 
monomer and products with shorter retention times diminished significantly. 
Peaks (6) and (7) appeared to have merged. Products with longer retention times 
were the predominating components.
The separation of the cure products for the 4-PPEB was better than for the 4- 
FPEB system. Each cured sample was run in triplicate to ensure reproducibility 
of results. The 4-PPEB had numerous distinct, reproducible peaks which made 
possible the collection of several cure products. Thirteen fractions of cure 
products resulting from a 15 minute hold at 375°C were collected according to 
the diagram given in Figure 5.18 and prepared for DR-FTIR and mass-
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spectroscopy analysis. Each fraction was collected, concentrated by the 
evaporation o f mobile phase, and finally reinjected to determine purity.
10 15 20
Retention Time (min.)
3025
Figure 5.18 Fractions Collected for 4-PPEB Cured to 375°C 
and Held 15 minutes at Temperature
HPLC chromatograms of each fraction are shown in Figure 5.19. Fraction 1 
corresponded to solvent, collected before the apparent monomer peak. A peak 
consistently eluted in all o f the fractions collected at approximately 3.2 minutes, 
well before the monomer peaks which eluted at 6-7 minutes. This peak must be 
regarded as an artifact of analysis, and was most noticeable in cases where only a 
minute amount o f cure product was amassed. A small amount of monomer was 
also evident in Fraction 1 which eluted at 6 minutes. Fraction 2 was collected at 
the onset of the monomer peak and contained a single chromatographic peak in 
addition to the artifact. The peak was broad and probably contained monomer.
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Fraction 3 showed a combination of products with a double peak having a single 
broad base, indicating two products with different chemical structures. Fraction 
4 was a mixture of minor amounts of different cure products. Fraction 5 had a 
single major peak with a small amount of the monomer and the column artifact 
present. Fraction 6 contained a minuscule amount of product which eluted at 
approximately 9.5 minutes, while Fraction 7 had a single peak. Except for the 
contaminant, fractions 8-10 had small amounts collected with single 
chromatographic peaks. Fractions 11 and 12 contained greater amounts of 
product, with Fraction 12 showing several other cure products. Fraction 13 had 
a minor amount of product with a small broad peak. The fractions collected 
appeared to be suitable for further study, although the amounts of collected cure 
products were extremely meager in some fractions.
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Figure 5.19 HPLC Chromatograms of Fractions Collected for 4-PPEB 
Cured to 375°C and Held 15 Minutes at Temperature
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5.6.2 Contamination of Fractions Obtained by HPLC
5.6.2.1 DR-FTIR Evidence
DR-FTIR was run on all HPLC fractions. All fractions except the first and sixth 
had absorption peaks in the range 2800-3000 cm'1 typical o f an aliphatic group. 
The first fraction was residual solvent. The sixth fraction collected contained an 
insufficient amount of product to get a resolvable spectrum. 4-PPEB does not 
contain any aliphatic group, and it is unlikely that an aliphatic group be formed as 
a result of cure. Since all of the fractions exhibited this aliphatic absorption, we 
concluded that a contaminant was in the column, HPLC pump, injector or 
solvent. The column was in use for the first time and a certificate of analysis was 
obtained from its manufacturer, Waters, Inc. The certificate stated the packing 
material to be purified silica with an 86% particle size distribution between 6-12 
microns. Therefore, column contamination was ruled out.
DR-FTIR spectra were obtained on chloroform mobile phase. No aliphatic 
groups were detected. Then, DR-FTIR was run on solvent which was collected 
from the HPLC detector and concentrated in a similar manner to which the 
fractions were collected. The spectrum obtained contained aliphatic peaks. The 
chromatographic system was then thoroughly cleaned with nitric acid. FTIR 
spectra collected after cleaning still showed the contaminant. Ultimately, the 
problem was determined to be the solvent. Chloroform and most other 
chlorinated solvents are stabilized with less than 1% of 1-pentene or similar
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compound to prevent the formation of phosgene. The amount is so small that it 
did not appear on the DR-FTIR spectra until the solvent had been concentrated. 
DR-FTIR shown in Figure 5.20 run on concentrated solvent and on 1-pentene 
confirmed the identity of the contaminant.
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Figure 5.20 DR-FTIR Spectra of Unconcentrated and Concentrated
Chloroform and 1-Pentene
Another consideration was 1-pentene reacting through its double bond with the 
model compound. The concentrations of the individual fractions was low enough 
to cause concern over this low concentration of pentene. Such a reaction had to 
be ruled out to insure that all chromatographic peaks obtained in the cured model
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
103
compound were the result of polymerization and not side reactions with the 1- 
pentene. A solution was made of cured 4-PPEB in solvent which had been 
spiked at 50% by volume with additional pentene. This additional concentration 
of pentene should be sufficient to react with the model compound, if a reaction 
was possible at room temperature. DR-FTIR on a previously cured 4-PPEB and 
the cured sample in the pentene-spiked solution were compared. After the 
spectrum of pentene was subtracted out, the resulting spectrum matched the 
previously cured sample, with no new peaks evident which would indicate the 
presence of new cure products caused by a reaction with pentene. These results 
are shown in Figure 5.21. Results imply that all cure products apparent from the 
numerous peaks in the HPLC chromatograms were related only to 4-PPEB.
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Figure 5.21 DR-FTIR Spectra of 4-PPEB and Subtraction Result of 
Pentene-Spiked Solution minus Spectrum of Pentene
(A) Cured 4-PPEB dissolved in CHC13 spiked with 50% pentene
(B) FTTR spectrum of pentene subtracted from chloroform spiked solution 
(Q  Cured 4-PPEB
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5.6.2.2 Mass - Spectroscopic Evidence
Solid probe mass spectroscopy was performed on the first six collected fractions. 
The background mass spectrum obtained contained strong peaks at m/z 28 (N2) 
and 32 (O2), indicating an air leak. These measurements had limited utility 
because of the combination o f  an air leak and the contamination o f fractions by 
pentene. The peak at m/z 28 was the base peak for all o f the spectra acquired. 
Therefore the fractions had to contain a large amount o f cured product to even 
be detected above the background.
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Figure 5.22 Solid Probe Mass Spectrum of 4-PPEB Control
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
106
Table 5.4 MASS SPECTRUM PEAK ASSIGNMENTS
FOR 4-PPEB CONTROL
77 C6H5
< 0 ^
92 C^ BUO
177 C14H9
— C ^ - 0 3 5 - ® *
197 C13H9O2
281 C21H13O
374 C27H18O2
< 0 ^ ~ h© ^ " hO ^ " chc' ^ 0 >
An uncured 4-PPEB control sample was run initially. The mass spectrum is 
given in Figure 5.22 and peak assignments are listed in Table 5.4. Mass 
spectroscopy was then attempted on some of the chromatographic fractions 
collected. The first fraction contained only evaporated solvent and did not show 
any significant peaks except the background air leak. The second fraction 
collected during the onset of the monomer peak showed a parent ion at m/z 374, 
the molecular weight of the model compound. A ion current curve and a mass- 
spectrum for this fraction are given in Figures 5.23 and 5.24. Probable fragment 
peaks are listed in Table 5.5. Although the concentration of the material in this 
fraction was very low, a useful spectrum was obtained. Peaks were barely 
discemable above the baseline due to the air leak and the large peak at 28 amu
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(nitrogen) which was used to normalize the spectrum. Peaks at m/z 40, 57, 69, 
83, 95 were evidence of the aliphatic contamination discussed previously. The 
interpretation of these spectra indicated that this fraction did indeed contain the 
monomer with the aliphatic contaminant as suspected.
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Figure 5.23 Ion Current Curves for Fraction 2
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Figure 5.24 Mass Spectra of Fraction 2 at 167°C
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Fractions 3 -10 did not contain sufficient cured product to be detected over the 
background air leak and the aliphatic contamination. Fraction 3 showed minute amounts 
of 4-PPEB and benzene present, but did not provide any useful information. These 
fractions primarily showed H2 and N2 from an air leak and a smaller amount of aliphatic 
contaminants as evidenced by the m/z peaks at 29, 40, 55, 57, 59, 69 and 71. This 
method of analysis did not deliver the expected structural insights due to instrumentation 
failure and solvent contamination; however, the method led to the pursuit o f an even 
more powerful related analytical technique: LC-Mass Spec.
Table 5.5 m/z Assignments for Major Fragments Found in Fraction 2 
_______ m/z________ Empirical Formula_______________ Fragment____________
77 CsH5
O -
177 C14H9
- © - ^ ~ - ©
197 C13H9O2
C H - C M -
205 C15H9O
281 C21H13O
374 C27H18O2
466 C33H2303
Monomer + '---- '
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5.6.3 Liquid Chromatography - Mass Spectroscopy (LC-MS)
5.6.3.1 Liquid Chromatography
Reverse phase LC-MS was run on 4-phenoxy-4’-phenyIethynylbenzophenone (4- 
PPEB) cured to 325°C, 350°C and 375°C and held for specified cure times in an 
effort to obtain initial cure products. Various conditions were tested for the LC- 
MS system. A gradient of acetonitrile and water in ratios of 70:30 and 80:20 to 
100% acetonitrile in 10 minutes were non to determine optimum conditions for 
separation of cure products. The separation achieved using either ratio was 
excellent. The 80:20 ratio bad the advantage that products eluted more quickly, 
with peaks remaining separate and distinguishable. The cured model compound 
was only partially soluble in these solvents. An average of 18% of solid cure 
product was soluble in acetonitrile.
Another experimental parameter was MS cone voltage which was a function of 
fragmentation. Voltage settings of 15, 20, 30 and 40 eV were used to obtain 
varying degrees of fragmentation. A typical response of the UV detector for LC 
and corresponding total ion current (TIC) curves are shown in Figure 5.25 for 
samples cured to 375°C and held 15 minutes. Most peaks are noted with a 
retention time and scan number. One of the advantages of this analytical method 
is that real time mass spectra are obtained as each component elutes the column, 
making the fractionation step described in section 5.6.1 unnecessary. The scan
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number indicates the mass spectrum o f interest for a corresponding peak at a 
particular retention time. Examples o f mass spectra which correspond to the 
scan numbers on the UV response curve in Figure 5.25 are given in Figure 5.26. 
The intensity of the UV response does not necessarily correspond to the intensity 
of the total ion current due to the differing absorptivities of components.
UV Response
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Figure 5.25 UV Response and Total Ion Current Curves for 4-PPEB Cured 
to 375°C and Held 15 Minutes a t Temperature
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Figure 5.26 Mass Spectra Corresponding to Ion Current Curve in Figure 5.25
Preliminary work examined samples cured to 375°C and held 0, 3, 5 and 15 
minutes as well as an uncured control sample. Samples held for 15 minutes were
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studied extensively under differing optimization parameters. At least twelve 
primary chromatographic peaks are shown in Figure 5.25, each indicating a 
different cure product or combination of products. The corresponding ion 
current curve was examined and scans were made to determine the molecular 
weights of major peaks. Initial cure products were expected to be low molecular 
weight species including monomer, dimer, trimer and tetramer with molecular 
weights of 374, 748, 1122 and 1496 amu, respectively. Each specific molecular 
weight scan resulted in a chromatogram containing peaks for all species with the 
specified molecular weight, but with different retention times and thus, different 
chemical structures. These results are shown in Figure 5.27.
A control standard was run of the uncured 4-phenoxy-4’-phenylethynyl- 
benzophenone. The UV chromatogram showed a single strong peak which 
eluted at 7.7 minutes. The corresponding total ion current curve was two orders 
of magnitude less intense, but showed an additional, albeit much weaker peak, at 
12.6 minutes. These results are given in Figure 5.28. The peak at 12.8 minutes 
corresponded to the molecular weight of the dimer, perhaps indicating the 
formation of dimer during the 160°C overnight hold when the compound was 
synthesized. Alternatively, a small amount of self-dimerization may have 
occurred at ambient temperature as Melissaris and Litt observed for systems that 
pack smectically with acetylene groups interdigitated.31’32 No additional peaks o f 
significant intensity were observed.
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5.27 Chromatograms of Monomer, Dimers, Trimers and Tetramers for 4-PPEB 
Cured to 375°C and Held 15 Minutes at Temperature
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Figure 5.28 UV Chromatogram, Total Ion Current Curve and m/z = 749 
amu Chromatogram of 4-PPEB Control
375°C Cures
The sample of 4-PPEB heated to 375°C and quenched showed a strong 
monomer peak at approximately 7.7 minutes and several other minor peaks at 
5.0, 12.6, and 13.3 and 15.0 minutes. These peaks were evidence that higher 
molecular weight species had formed but in insignificant amounts compared to
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
115
the amount of monomer still present. Some fragments could be identified as 
dimers and possibly higher molecular weight species. The mass-spectra 
associated with these peaks are given in Figure 5.29. Dimers were identified as 
eluting at 12.6 and 13.5 minutes. Other peaks appeared as an unidentifiable 
mixture of fragments.
Another 375°C quenched sample was scanned only for m/z numbers of interest. 
Monomer was excluded from the detection because its abundance impaired 
detection of other species. This greater sensitivity made possible the detection of 
multiple dimers, and at least one trimer eluting from the column. Figure 5.30 
shows these results with at least five different dimers eluting at 11.8, 12.6, 13.3, 
13.5 and 13.9 minutes, while the trimer eluted at 15.0 minutes. Tetramer was 
not observed above background noise. Figure 5.31 gives the amounts of each 
product with background subtracted and normalized by an arbitrary intensity to 
view the results on a common scale. Dimer was the most abundant product 
followed by trimer. When viewed on this scale, an additional trimer peak 
appeared at 20.2 minutes. Tetramer was not apparent on this scale.
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Figure 5.29 Mass Spectra of Identifiable Peaks of Quenched 4-PPEB
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Figure 5.30 4-PPEB Cured to 375°C and Quenched: 
Chromatograms of Dimers, Trimers, Tetramers
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Figure 5.31 4-PPEB Cured to 375°C and Quenched 
Normalized Chromatograms of Dimers, Trimers and Tetramer
Samples heated to 375°C and held for three minutes were similarly analyzed. At 
this hold time, the major component was still monomer which eluted at 
approximately 7.8 minutes. The chromatogram for this sample did not differ
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significantly from the quenched sample. Minor peaks were present at 
approximately 5.0, 12.6, 13.3 and 15.0 minutes. Scanning for dimer, trimer and 
tetramer showed at least five different dimers eluting at different retention times: 
11.9, 12.7, 13.4, 13.6 and 13.9. A predominant trimer peak was located at 15.0 
with a minor peak at 20.3. Again, tetramer could not be observed in any 
significant amount above baseline noise. Chromatograms given in Figure 5.32 
are normalized to indicate relative amounts of dimer, trimer and tetramer.
T rim er
Tetramer
Figure 5.32 4-PPEB Cured to 375°C and Held 3 Minutes: 
Normalized Chromatograms of Dimer, Trimer and Tetramer
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Numerous different dimer species were evident with major peaks at 11.9, 12.6, 
13.4, 13.7, 13.9 and 14.4 minutes. The amount of dimer present was 
considerably greater than the amount of trimer. A single trimer peak at 15.0 
showed two slight shoulders at 14.98 and 15.15 minutes. The tetramer could not 
be observed above the background.
The sample cured to 375°C and held five minutes gave similar results as the 
sample held for three minutes, however with increased amounts of products. The 
UV response curves appear similar with only minor peaks compared to the 
monomer peak. Many additional peaks were observed after enlarging the curve 
as seen in Figure 5.33.
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Figure 5.33 Enlarged UV Response Curve of 4-PPEB Cured to 375°C and
Held 5 Minutes at Temperature
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Scanning for specific molecular weights revealed that the amounts o f products 
had increased as reflected by the increased peak intensities. Tetramer was 
observed above the background and its chromatogram was more intense, but still 
in minor amounts compared to dimer and trimer. Figure 5.34 shows dimer, 
trimer and tetramer present after a five minute hold at 375°C.
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Figure 5.34 4-PPEB Cured to 375°C and Held 5 Minutes: 
Chromatograms for Dimers, Trimers and Tetramers
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Increasing hold time to fifteen minutes resulted in substantially increased amounts 
of cure products in the UV response curve shown as an example in Figure 5.35. 
The monomer peak had an observable loss of intensity. The amounts of dimer, 
trimer and tetramer increased significantly, particularly the amount of trimer with 
respect to the dimer. The chromatograms for dimer, trimer and tetramer for the 
15 minute hold are shown in Figure 5.35.
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Figure 5.35 4-PPEB Cured to 375°C and Held 15 Minutes: 
Normalized Chromatograms for Dimers, Trimers and Tetramers
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Previously described trends are evident comparing the UV response curves for 
various hold times at 375°C. Many initial cure products were present, but in 
small amounts compared to the monomer until a hold time of 15 minutes was 
reached. Increasing amounts of products are evident by the increasing peak 
intensities especially those peaks at longer retention times which may correspond 
to higher molecular weight species. Normalized UV Response curves for the 
375°C cures are shown in Figure 5.36.
Very subtle changes can be noted comparing the types and amounts of dimer 
present at each hold time in Figure 5.37. There appear to be five major dimer 
peaks with the middle peaks at approximately 12.6, 13.3 and 13.6 minutes being 
the most intense. A small peak eluted at 11.8 minutes in the samples cured to 5 
minutes but was barely observable in the sample held for 15 minutes, which could 
indicate that this dimer has participated in additional reactions. The intensity of 
the peak at 12.6 minutes increased throughout the cures. The relative intensities 
of the 13.3 and 13.6 minute peaks reversed. After heating to 375°C and 
quenching the 13.3 minute peak is slightly larger than the 13.6 minute peak. At 
three and five minute holds they are approximately the same size. After 15 
minutes the 13.6 minute peak was the larger. The small, broad fifth peak elutes 
at 13.9 minutes and does not change until a 15 minute hold when it becomes less 
well-defined and diminishes in size. These changes in the dimer chromatograms 
indicate that while the amount of dimer was increasing with hold time, some of
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the types of dimer present were decreasing. The rapid formation of all reaction 
products with only their relative intensities changing with duration of cure have 
been reported by others.16 Pickard suggested that in the early stages of cure, 
bimolecular termination resulted in stable low molecular weight species.33
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Figure 5.36 Normalized UV Response Curves for 0 ,3 , 5 and 
15 Minute Holds at 375°C
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Figure 5.37 Normalized Dimer Chromatograms for 0 ,3 ,5  and 
15 Minute Holds at 375°C
The resolution obtained for the 375°C cures was not as satisfactory as for 
subsequent cures as can be seen in Figure 5.38. Normalized chromatograms for 
trimer shown exhibit one strong peak followed by an unresolved tail. The only
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
126
observed changes noted with increased hold time was a negligible broadening of 
the trimer peak and an increase in the size of the tail.
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Figure 5.38 Normalized Trimer Chromatograms for 0,3, 5 and 
15 Minute Holds at 375°C
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The results for the amount of tetramer forming are inconclusive. Two 
contributing factors are the fact that only 18% of the cured product went into 
solution and the poor resolution of several of the chromatograms. Data for the 
350°C cures gives more evidence for the formation of tetramer.
350°C Cures
4-PPEB was cured at lower temperature in an attempt to isolate initial cure 
products. The results obtained for samples cured at 350°C followed trends 
similar to those reported in the earlier section; however, experimental parameters 
had been optimized and the results were more detailed. Samples were first cured 
to 350°C and quenched. The resulting chromatogram showed predominantly 
monomer eluting the column at 7.8 minutes as observed in the 375°C cures.
Two minor additional peaks were observed at 5.1 and 14.8 minutes which 
corresponded to a fragment mixture and trimer, respectively. Additional peaks in 
the total ion current curve which were not observed in the liquid chromatogram 
indicated that other products were present, and further investigation was 
necessary. The chromatogram was enhanced by normalization, such that minor 
components could be observed and numerous additional peaks appeared. The 
relative intensity of the monomer peak had rendered the other product peaks 
unobservable on a normal scale.
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Specific m/z values were scanned and individual chromatograms obtained to 
determine amounts, scan numbers and retention times. Figure 5.39 shows the 
chromatograms for monomer, dimer, trimer and tetramer and Figure 5.40 gives 
dimer, trimer and tetramer products normalized to an arbitrary intensity. 
Normalization shows that the amount o f tetramer present in the sample is orders 
of magnitude less than the dimer and trimer products when viewed on the same 
intensity scale and cannot be obseved. Monomer, m/z = 374, had two distinct 
peaks at 7.7 and 8.1 minutes, and was present in decreasing amounts throughout 
the run. The intensity of monomer peaks was an order of magnitude greater than 
any other products. Dimer was also present with several distinct peaks at 12.6,
13.3 and 13.5 minutes. Other minor dimer peaks were also present; however, 
they were barely observable above the noise. A significant trimer peak was 
observed at 14.8 minutes with slight shoulders appearing at 14.7 and 14.9 
minutes. Tetramer was not observed in significant amounts above baseline noise.
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Figure 5.39 4-PPEB Cured to 350°C and Quenched: 
Chromatograms of Monomer, Dimers, Trimers & Tetramers
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Figure 5.40 4-PPEB Cured to 350°C and Quenched: 
Normalized Chromatograms of Dimers, Trimers and Tetramers
Curing the sample to 350°C and holding for 3 minutes resulted in a 
chromatographic peak (Figure 5.41) at 12.5 minutes which corresponded to
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dimer. The peaks previously observed at 5.1 and 14.8 minutes were more 
intense. The monomer peak at 7.8 minutes remained the primary product.
Again, when the chromatogram was enhanced, numerous additional 
chromatographic peaks were observed indicating a complex mixture of products.
Scanning for dimer, m/z = 748, showed an increase in intensity of numerous 
dimer peaks, with 4-5 major dimer peaks instead of the three found for the 
quenched sample. Additional peaks at 11.8,13.8 and 14.2 minutes were barely 
detectable in the quenched sample. Trimer was also present in increased amounts 
with the shoulders increasing to the same intensity as the main trimer peak. 
Definite evidence of tetramer was observable above the background in minor 
amounts, however, compared to dimers and trimers. The chromatograms for 
these products are given in Figure 5.41.
Curing to 350°C and increasing hold time to 5 minutes resulted in a 
chromatogram with several distinct peaks. Enlarging the chromatogram by a 
factor of 4 gave very well-resolved peaks. No evidence of new peaks was 
noted, only increased amounts of products. The enhanced chromatogram is 
shown in Figure 5.42.
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Figure 5.41 4-PPEB Cured to 350°C and Held 3 Minutes: 
Chromatograms of Dimers, Trimers and Tetramers
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ia
Figure 5.42 4-PPEB Cured to 350°C and Held 5 Minutes:
Liquid Chromatogram Enlarged By a Factor of 4
Scanning for dimers resulted in numerous very well-resolved peaks with an 
additional distinguishable peak appearing at 11.1 minutes and the decreasing of 
the peak at 14.2 minutes. The amount of trimer increased significantly with the 
emergence of one dominant peak at 14.8 minutes, with shoulders decreasing 
significantly. The amount of tetramer present likewise increased, but apparently 
not as much as dimer and trimer. This finding is inconclusive, however, due to
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the fact that not all of the cure products went into solution. Approximately 80% 
remained insoluble, presumably much of this being the higher molecular weight 
products. The chromatograms for dimer, trimer and tetramer are shown in 
Figure 5.43. When viewed on a common scale, the amount of dimer and trimer 
present has nearly reached parity after the five minute hold at 350°C as shown in 
Figure 5.44. Monomer is still present in a significant amount. On this scale, the 
tetramer is not observed because of its relatively minor amount.
After a ten-minute hold at 350°C, the largest peak was still monomer, but other 
minor peaks increased significantly to be seen without enlarging the 
chromatogram. The peak at 14.7 minutes which contained trimer showed the 
greatest increase in intensity. Enlarging the chromatogram by a factor of four, 
failed to reveal new peaks.
Scanning for dimer, trimer and tetramer gave results quite similar to the five 
minute hold with only the peaks’ intensities increasing significantly. The amounts 
of dimer and trimer present in the cured product were nearly the same. The 
trimer shoulders were smaller and the shoulder at 14.7 minutes had separated as a 
small peak. The intensity of the tetramer chromatogram was two orders of 
magnitude less than dimer and trimer, but provided definite evidence of tetramer 
present. Figures 5.45 and 5.46 give the chromatograms for the ten minute hold.
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Chromatograms of Dimers, Trimers and Tetramers
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Virtually no change in chromatograms or ion current curves was noted when the 
hold time was increased to 15 minutes. Monomer was the largest peak and 
eluted at 7.7 minutes. The dimer curve was exactly the same intensity and had 
the same peaks. The chromatograms for dimer, trimer and tetramer present are 
given in Figure 5.47. The new individual trimer peak noted at 14.7 minutes in the 
ten minute hold had increased while the primary peak at 14.8 diminished. The 
intensity of the tetramer peak was slightly greater, but still a minor portion of the 
observable products.
Figure 5.48 shows chromatograms for each hold time for the 350°C cures.
These chromatograms have undergone background subtraction and were 
normalized to an arbitrary intensity. In all instances, the major peak was 
attributed to monomer. Increasing amounts of products and better separation 
was observed with cure times up to 10 minutes. After 10 minutes the 
chromatograms did not change appreciably.
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Figure 5.47 4-PPEB Cured to 350°C and Held 15 Minutes: 
Chromatograms for Dimers, Trimers and Tetramers
Chromatograms with the background subtracted and curves normalized for 
dimers cured at 350°C with varying hold times were compared. The results 
indicated that numerous dimers appeared in comparatively small amounts after
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heating to temperature and quenching. A three minute hold was required before 
a significant amount of distinguishable dimers was seen. At 5-, 10- and 15- 
minute hold times, the amount of dimer increased, however, no significant new 
dimer peak formation was noted. Results indicated that numerous types of 
dimers were formed even at short hold times. Increasing hold time increased the 
amount o f dimer present, but not the types of soluble dimer. The normalized 
dimer chromatograms are shown in Figure 5.49.
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Normalized chromatograms with the background subtracted for trimers formed 
at various hold times at 350°C were also compared. Small amounts of trimers 
were formed by heating to temperature and quenching. Three small peaks were 
observed. Peaks became more pronounced after a three minute hold and 
appeared at 14.7, 14.8 and 14.9 minutes. They were approximately equal in 
intensity after this hold time. A five minute hold resulted in the lessening of the 
outside peaks which appeared as shoulders with a increase in the middle. After 
ten minutes, the first shoulder increased slightly and separated from the main 
peak. After a fifteen-minute hold, the first peak predominated, the second peak 
diminished and the shoulder increased slightly. These results indicated that at 
different hold times, different trimer structures were preferred. After fifteen 
minutes, one trimer structure was predominant which was in sharp contrast to the 
multiple dimer structures apparent at this hold time and temperature. Figure 5.50 
shows the normalized trimer chromatograms for the 350°C cures.
Comparing normalized chromatograms for tetramers obtained in the 350°C cures 
must be qualified. Approximately 80% of the cure products did not go into 
solution and it is assumed that higher molecular weight cure products did not 
dissolve. After heating to 350°C and quenching, tetramer was not observed 
above background noise. At three and five minute hold times, tetramer was 
barely discernible above the noise. After ten and fifteen minutes, tetramer was 
observed in significantly smaller quantities than dimers and trimers . Mass
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spectroscopy confirmed the presence of numerous types of tetramer present and
will be further discussed. Normalized chromatograms for tetramer products
formed at 350°C at various hold times are given in Figure 5.51.
100-}
0 min.
14.82
5 32
100-1
3 min.
100'
  r . . . r ^ . T.
 ....................................................... ' i . m u m ^
14.76
515
b  15.06
jE L
14.79
492100-1
5 min.
14.69
489
14.82
495
100-1
10 min.
14.68
491 S
14.84
15 min.
2  00 4 00 6 .00  8 .00 10 00  12.00 14.00 16.00 18 00 20 .00  22 .00
Figure 5.50 Normalized Trimer Chromatograms for 0 ,3 , 5, 
1 0  and 15 Minute Holds at 350°C
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
146
100-1
%-
0  min.
,k ,1 .K. -Ini.
100-1
3 min.
1 8 -3 9  „627 20.222 0 -7 718.17 j 6 8 5  703 21.85 
—  “* 738
O. i M
100-,
5 min.
21.89
1 9 .5 0
100-1 19.35 19.69
10 min.
1825
593
cy
100-r
20.38
6 7 8  ;20  6 2
15 min.
- i-L i11 rtn i lil—i'
2 .0 0  4 .0 0  6 .0 0  6 .0 0  1 0 .0 0  1 2 .0 0  1 4 .0 0  1 6 .0 0  18 .0 0  2 0 .0 0  2 2 .0 0
Figure 5.51 Normalized Tetramer Chromatograms for 0 , 3 , 5 , 
1 0  and 15 Minute Holds at 350°C
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
147
325°C Cures
The 4-phenoxy-4’-phenylethynylbenzophenone model compound was cured at a 
lower temperature and analyzed as discussed for the 350°C cures. Although the 
resolution of the chromatograms was excellent, the amount of monomer present 
made the observation of other products difficult without enhancing the image.
As expected the amounts of products present were less, but the types of products 
present were nearly identical to those of the 350°C cures. The exceptions were 
the numerous distinguishable peaks for dimers and the barely discernible amounts 
of tetramer in only the 10- and 30-minute holds. The additional dimer peaks 
could be due to better separation by the column. The major dimer peaks are the 
same for both cure temperatures. The analysis of products is the same for both 
cure temperatures. Chromatograms for each hold time products are given in 
Appendix B. Figures 5.52 - 5.54 give normalized chromatograms for the amount 
and types of dimer, trimer and tetramer for this cure temperature at 0-, 5-, 10-,
15- and 30-minute hold times.
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The data were also analyzed comparing 0-, 5-, and 15 minute hold times at each 
temperature. The results for the 0 and 5 minute samples can be found in 
Appendix B. For these hold times, experimental parameters for 375°C cures 
were different than for 325°C and 350°C, thus cannot be directly compared. The 
70/30 acetonitrile/water gradient for the 375°C was used which resulted in the 
products eluting more slowly. The chromatographic resolution achieved for this 
cure was not as good and it was only scanned for particular molecular weights as 
described earlier.
The 375°C, fifteen minute hold experiment was performed several months earlier 
than the 350°C and 325°C cured samples, but used the same chromatographic 
parameters. The normalized UV response curves for the 15 minute cures are 
shown in Figure 5.55. While these curves for the three temperatures are very 
similar, the peak at 5 minutes differs. The peak is more intense in the 350°C cure 
than the 325°C, but is significantly smaller in the 375°C cure. This may be due to 
the formation of lower molecular weight species, such as dimers and trimers, at 
lower temperatures and moderate hold times which further react at the higher 
temperature.
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Figure 5.56 shows dimers formed at each temperature after 15 minutes. The 
curves were smoothed to show only the major peaks for comparison. At 325°C, 
four major dimer peaks are seen with three additional minor peaks which elute 
before the largest peak. At 350°C, these peaks are still present, but better 
resolved to show increasing products as well as new shoulders indicating slightly 
different structures. At this cure temperature, the most numerous peaks are 
observed after a 15 minute hold time. At 375°C, dimer is present in large 
amounts, but fewer types. The first small dimer peaks have nearly disappeared 
indicating participation in subsequent reactions at this higher temperature. Their 
structures may be slightly less stable and more reactive and capable of further 
reaction.
The opposite finding is true for the trimers formed at this hold time. The 
normalized trimer curves have been smoothed to get a clearer view of the types 
of trimer present. The amount of trimer formed at 325°C was small compared to 
the other cures, with a single peak and a slight shoulder. Three small shoulders 
are observed on the single trimer peak for the 350°C cure, with a small, broad 
tail. At 375°C, no shoulders are apparent and the tail shows numerous tiny, 
resolved peaks indicating a minor amount of additional types of trimer present.
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At each cure temperature with this hold time, one preferred structure for trimer 
appears to contrast sharply with the multiple structures for dimer present. The 
normalized chromatograms for trimers at each cure temperature with a 15 minute 
hold time are shown in Figure 5.57.
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Normalized chromatograms for the tetramers are shown in Figure 5.58. At 
325°C the amount of tetamer present is negligible. At 350°C, the amount of 
soluble tetramer increased substantially with small peaks indicating the presence 
of several different tetramer structures. At 375°C, the amount of soluble 
tetramer increased compared to other cures and numerous new tetramer peaks 
were present.
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5.3.6.2 Mass Spectroscopy 
Monomer
The monomer, as shown previously, eluted consistently between 7.7 and 7.8 
minutes. A mass spectrum associated with the monomer peak is given in Figure 
5.59. Several peak assignments are given in Table 5.6
OT«ta
1S1 1
Figure 5.59 Mass Spectrum of Monomer Peak
The peak at m/z =375 is probably due to the protonated monomer. The peak at 
m/z = 413 could possibly be due to an adduct forming between the monomer 
molecule and two H3O* ions, but this would have to be confirmed using a 
different analytical technique such as proton NMR.
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Table 5.6 m/z Assignments for Mass Spectrum of Monomer Peak 
__________ m/z_______________________________ Fragment______
197
205
- c ^ 0 > _ c h c ' ^ 0 >
375
+  H* a d d u c t
413
+  H30 + a d d u c ts
Dimers
A typical mass spectrum of a dimer for a sample of 4-PPEB cured to 375°C and 
held for 15 minutes is shown in Figure 5.60. This dimer eluted at 12.7 minutes 
and was scanned for molecular weights between 250 and 1520 amu with a cone 
voltage of 50. The resulting mass-spectrum showed various fragments which 
resulted from a singular broken bond as well as indeterminate peaks that may be 
attributed to the formation of adducts with dimer fragments and solvent. 
Differences in m/z peaks of 42, 54, 83 and 95 amu have been reported to be 
adducts formed with ions produced by the acetonitrile/water solvent.35 Table 5.7 
lists several dimer fragments and possible assignments.
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Figure 5.60 Mass Spectrum of 4-PPEB Dimer 
Table 5.7 m/z Assignments for Typical Dimer Mass Spectrum
m/z_______________________________Assignment
748 dimer
672
dimer -
580
dimer- < 0 > " 0 - < 0 >
503 dimw. o ~ a > .  o
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Peaks appearing at molecular weights greater than dimer can be attributed to 
adduct formation. At peak m/z = 786 could be the 748 dimer plus 38 amu, or the 
adduct formed with two hydronium (H3O*) ions. The peak at 840 has a 
difference of 54 amu and can be attributed to adduct formation with the 
solvents35. Other higher molecular weight products could be recombination 
fragments, but are in much smaller quantities than the dimer.
Mass spectroscopy results for a sample of 4-PPEB heated to 375°C and 
quenched were analyzed in an effort to identify initial cure products. This sample 
was chosen because it was only scanned for m/z numbers between 100:900 amu 
with a cone voltage o f 30 which gave sufficient fragmentation to differentiate 
between products. These experimental parameters resulted in a high resolution 
HPLC dimer chromatogram which showed numerous distinct peaks that 
correlated with mass spectroscopy results. The dimer chromatogram is given in 
Figure 5.61 with the major peaks numbered. The mass spectra corresponding to 
the major dimer peaks are shown below and in Appendix C.
100
% .
10
Figure 5.61 Labeled UV Chromatogram of Dimers Present in 4-PPEB
Cured to 375°C and Quenched
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Figure 5.62 Mass Spectrum for Peak 1
Figure 5.63 Mass Spectrum for Peak 5
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
162
Figure 5.64 Mass Spectrum for Peak 6
Figure 5.65 Mass Spectrum for Peak 7
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Figure 5.66 Mass Spectrum for Peak 10
Each mass spectrum presented shows differences in chemical structures. These 
differences coupled with the fact that products eluted the column at different 
retention times is a clear indication that numerous types of dimers are present in 
the sample. Possible structures and mechanisms are given below with further 
analysis of mass spectral results.
5.3.6.3 Proposed Structures 
Dimers
Liquid chromatography results reported in section 5.3.6.1 established that a 
complex mixture of cure products for 4-phenoxy-4’-phenylethynylbenzophenone 
existed. This model compound contained a single reactive endcap and had a
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simple molecular structure. At any of the cure temperatures, regardless of the 
resolution or sensitivity achieved, at least five different dimer structures were 
present as seen by the number of resolved chromatographic peaks. Additional 
dimer peaks were identified when analyzed at higher resolution. Several 
structures were proposed as possible dimer products and are given in Figures 
5.67-5.71 and 5.75-5.76. The analysis of dimer should give some insight as to 
initial cure steps for a phenylethynyl terminated system since that the first step 
would involve two monomers reacting.
c=c c=c
c=c-c=c
Figure 5.67 Phenylethynyl Endcap Radical Addition to 
Form Trans Diradical
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The structure above is a product of simple tail-to-tail radical addition between the 
two endcaps. The carbon - carbon triple bonds open and a single bond is formed 
between the phenylethynyl groups of 4-PPEB, which results in the formation of a 
diradical structure. The stability of a small diradical is an important 
consideration. Most likely, a small diradical would further react until it achieved 
a long enough polyene chain to stabilize the radicals. Although polyene chain 
formation is a very probable occurrence for this system, due to the insolubility of 
higher molecular weight species, these products were probably not present in the 
products being analyzed. As the goal of this research is to elucidate the initial 
structures formed by thermal cure of the phenylethynyl endcap, speculation about 
chain lengths necessary to stabilize diradicals will not be addressed. The 
continued presence of dimer structures in cures up to 375°C with 15 minute hold 
times, indicates that different, stable dimer structures exist. It is unlikely that at 
this temperature and hold time, a small diradical structure would persist. A small 
diradical would not be stable and would likely participate in further reactions.
Mass spectral analysis was performed on each proposed structure. Tables 5.8 - 
5.13 give the molecular weights possible for fragments that result from one or 
two broken single bonds within a structure. The diradical structures shown in 
Figures 5.67 and 5.68 contain no fragments that are unique to differentiate them 
from other proposed phenylethynyl additions.
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Table 5.8 Possible Fragments for Diradical Dimers Products of 4-PPEB
M«L
W t
" --- »ovra 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
77 1 77
16 2 93 16
76 3 169 92 76
28 4 197 120 104 28
76 5 273 196 180 104 76
101 6 374 297 281 205 177 101
101 7 475 398 382 306 278 202 101
76 8 551 474 458 382 354 278 177 76
28 9 579 502 486 410 382 306 205 104 28
76 10 655 578 562 486 458 382 281 180 104 76
16 11 671 594 578 502 474 398 297 196 120 92 16
77 12 748 671 655 579 551 475 374 273 197 169 93 77
77 13 77 594 578 502 474 398 374 398 474 502 578 594 671 594
77 14 77 594 578 502 474 398 297 398 474 502 578 594 671 594 671
The mass spectrum shown in Figure 5.60 contains protonated fragments at m/z = 
503, 580, 672, and 748 which are possible with this structure. The fragments at 
580 and 672 result from a single bond breaking, but are not unique to products 
formed by the reaction through the carbon-carbon triple bonds. Mass spectral 
analysis results are not sufficient to confirm the presence o f a diradical species.
In addition to the trans diradical dimer, a cis diradical is possible as shown in 
Figure 5.68. Mass spectral analysis for the cis configuration of the diradical 
dimer is identical to that for the trans diradical structure. Therefore, mass
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spectroscopy is not a useful technique to differentiate between these 
conformations, but can indicate the possibility of one or both present in the cured 
sample. The arguments for the presence or absence of the cis diradical dimer 
product are the same as for the trans; however, the cis conformation produces a 
more stable radical intermediate than the trans. The trans product is more 
sterically favorable and has greater stability.
P P
c=c c=c
c=c = c
Figure 5.68 Phenylethynyl Endcap Radical Addition to 
Form Cis Diradical
The fact that any dimer still exists after a fifteen minute hold at 375°C, as shown 
in the previous section, indicates stable molecular structures. The data indicates 
that dimers are present in increasing amounts with increased hold time or 
temperature. If a radical mechanism is assumed, as has been previously reported, 
two endcaps reacting would generate a diradical as shown in Figures 5.67 and
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5.68. A possible means of stabilizing the diradical is the migration of a phenyl 
ring as has been reported.36"38 Phenyl migration would result in less reactive ene- 
yne structures as shown in structures 5.69, 5.70, 5.73 and 5.74. This structure 
generates an internal carbon - carbon triple bond which may explain the shift in 
the ethynyl peak seen in the DR-FTIR results of cured samples.
Figure 5.69 Tail-to-Tail Addition to Form a Stable Ene-Yne Dimer 
Mass spectral analysis of this possible structure showed several spectra that 
contained fragments which support this proposed structure. Possible fragments 
for this structure are given in Table 5.9. The bonds are numbered with the
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
169
molecular weights of fragments occurring between each bond broken. The 
fragment with 178 amu is particularly significant as it results from bonds 6 and 7 
breaking. This fragment includes the migrated phenyl ring.
Table 5.9 Molecular Weights of Possible Fragments 
for Tail-to-Tail Radical Addition with Phenyl Ring Migration
Mai
W t
Band 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
77 1 77
16 2 93 16
76 3 169 92 76
28 4 197 120 104 28
77 5 273 196 180 104 76
24 6 297 220 204 128 100 24
178 7 475 398 382 306 278 202 178
76 8 551 474 458 382 354 278 254 76
28 9 579 502 486 410 382 306 282 104 28
76 10 655 578 562 486 458 382 358 180 104 76
16 11 671 594 578 502 474 398 374 196 120 92 16
77 12 748 671 655 579 551 475 451 273 197 169 93 77
77 13 77 594 578 502 474 398 374 398 474 502 578 594 671 671 594
77 14 77 594 578 502 474 398 374 398 474 502 578 594 671 594 671
The mass spectrum of Peak 10 given in Figure 5.66 provides evidence of this 
type of reaction. Peaks present at 202, 306 and 458 amu are particular to the 
phenylethynyl addition reaction. The peak at 178 amu supporting the phenyl ring 
migration is also present. Peaks at 104, 204, 273, 375, 502 and 748 amu are
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consistent with any dimer structure. The mass spectrum also shows significant 
adduct formation with small aliphatic and nhrile groups coming from the 
acetonitrile solvent.
The mass spectrum of Peak 5 contains fragments of 104, 273, 375, 593 and 748 
amu which can be assigned to any dimer structure. The small peak at 411 amu 
could be attributed to the simple ethynyl addition reaction, however, without 
further evidence it could not be used to confirm a structure.
In addition to the tail-to-tail reaction, Figure 5.70 gives a proposed head-to-tail 
addition which also assumes the phenyl migration to give a stable structure.
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Figure 5.70 Head-to-Tail Addition to Form a Stable Ene-Yne Dimer
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Similar mass spectral analysis was performed on the head-to-tail radical reaction 
product. No additional fragments with different molecular weights are present to 
differentiate between products resulting from the reaction of ethynyl endcaps in 
the head-to-tail or tail-to-tail configuration. Steric considerations probably favor 
the tail-to-tail configuration. The analysis for this product and the justification 
for its presence is identical to that presented for the tail-to-tail addition.
The formation of a pseudo cyclobutadiene has also been proposed.39 This 
structure may rearrange and lose a diphenyl acetylene molecule as proposed in 
Figure 5.71. If this were to occur, the result would be a stable product with a 
molecular weight of 570 amu along with diphenylacetylene, molecular weight 
178 amu. The molecular weight of 570 amu of the rearranged cyclobutadiene 
structure was scanned for samples cured to 350°C and 375°C and held for 15 
minutes and was present in both samples. The chromatogram for the 375°C cure 
with a 15 minute hold for m/z = 570 amu is given in Figure 5.72 and shows two 
primary peaks. The mass spectra associated with those peaks are given in Figure
5.73. Fragmentation analysis is shown in Table 5.10. The intensities of the 
chromatograms were two orders of magnitude less than the dimer 
chromatograms reported earlier, indicating that this structure is present in minor 
amounts compared to other dimers.
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Figure 5.71 Cyclobutadiene Intermediate Rearranging to Form 
Stable Product and Diphenylacetylene
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Figure 5.72 Chromatogram for Rearranged Cyclobutadiene Dimer
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Figure 5.73 Mass Spectra for Rearranged Cyclobutadiene Dimer
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Figure 5.73 Mass Spectra for Rearranged Cyclobutadiene Dimer
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Table 5.10 Molecular Weights of Fragments Possible 
Cyclobutadiene Intermediate Rearranging to Form 
Stable Product and Diphenylacetylene
BondMoL
Wt.
169
197 120 104
273 180196 104
297 128220 204 100
373 296 280 204 176 100
324 308 232 204 128 104
400 384 308 280 204 104180
416 324 296400 220 120196
477 401 297 273 197 169
>ight shading indicates a fragment unique to this structure
Darker Shading indicates a fragment formed by one broken bond, 
unique to this structure
The mass spectra in Figure 5.71 contains several of the fragments shown in Table 
5.10 above, although some are in a protonated form. The fragment at m/z = 280 
and 374 are common to each of the dimer structures. Fragments at 401, 478, 494 
and 570 amu are unique to this structure and may concur with its presence. The 
large peak at 301 amu could possibly be due to solvent adduct formation.
Peaks greater than 570 amu were attributed to fragment recombination or solvent 
adduct formation.
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The 375°C and 350°C fifteen minute hold cures were also scanned for 
diphenylacetylene, m/z = 178 amu. No evidence of any significant amounts of 
this byproduct that was expected from the cyclobutadiene dimer rearrangement 
was found. These apparently inconsistent results can be explained by the fact 
that diphenyl acetylene is reactive at 350°C and 375°C and possibly reacted with 
other cure products.
Scanning for molecular weights corresponding to diphenyl acetylene adding back 
to monomer (m/z = 552 amu) and dimer (m/z = 926) for these samples indicate 
that this sort of addition could have taken place. The chromatograms for m/z = 
552 and 926 amu for the 375°C cure with a 15 minute hold are given in Figure
5.74. Results revealed that a minor amount of each of these products was 
present. More reaction with monomer took place because more monomer was 
present in the system for the diphenylacetylene to react with than dimer.
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Figure 5.74 UV Chromatograms for Diphenylacetylene Reactions with 
Monomer (552 amu) and Dimer (926 amu)
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Figure 5.75 Phenylethynyi - Phenoxy Radical Addition to Form Stable Dimer
At elevated temperature and rapid heating rates, the weak ether linkage present 
in 4-PPEB appeared to break and participate in some reaction with the ethynyl 
radical. The structures shown in Figures 5.75 and 5.76 result from such a 
reaction. This mechanism assumes the migration of a phenyl ring to form a stable 
product. Further mass spectral analysis appeared to confirm these structures in 
cure products.
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Table 5.11 Molecular Weights of Fragments Possible with Phenoxy
and Phenylethynyi Radical Addition
Mol
Wt
Boad 0
J J J J J j
s  j ' 6 ~' ™7™ 8 9 J 0 J 11 12
J U
14
77 l 77
24 2 101 24
76 3 177 100 76 1
28 4 205 128 104 28
76 5 281 204 180 104 76
16 6 297 220 196 120 92 16
178 7 475 398 374 298 270 194 178
76 8 551 474 450 374 346 270 254 76
28 9 579 502 478 402 374 298 ! 282 104 28
76 10 655 578 554 478 ! 450 374 358 180 104 76
16 11 671 594 570 i  494 466 390 374 196 120 92 16
77 12 748 971 mm 541 273 197 169 93 77
77 13 77 594 570 494 466 390 374 398 474 502 578 594 671 671 594
77 14 77 594 570 494 466 374 398 ^474 502 578 594 671 594 671
Light shading indicates a fragment unique to this structure 
Darker Shading indicates a fragment formed by one broken bond, 
unique to this structure
The mass spectrum of Peak 1 in Figure 5.62 obtained at 11.9 minutes, contains 
numerous fragments unique to this structure. Fragments at 270,467 and 647 
amu are present, the latter two fragments result from a single broken bond and 
may confirm the structure. Peaks found at 375, 579 and 749 are protonated 
forms of fragments common to any dimer present and cannot be used to 
distinguish the structure, but can confirm that a dimer structure does exist. This
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This mass spectrum also contains several fragments at 40 amu intervals which 
could be the result of adduct formation with the acetonitrile solvent, less a 
proton. Additional peaks can also be attributed to different adduct formation as 
described earlier.
The mass spectrum of Peak 7 given in Figure 5.65 also has numerous peaks that 
support the phenoxy - ethynyl addition. This spectrum was obtained after 15.4 
minutes and must have a different chemical structure than the dimer at 11.9 
minutes. The mass spectra for the two dimers are very different, yet contain 
fragments unique this type of addition, indicating the possibility of more than one 
conformation, as proposed in Figure 5.76. Fragments with molecular weights of 
391, 403, 467, and 495 amu are present and represent protonated phenoxy 
addition peaks. In addition to these peaks unique to phenoxy - ethynyl addition 
are other peaks common to all structures: 104, 120, 128, 375 and 748 amu. This 
mass spectrum supports this mechanism which produces two different molecular 
structures as shown in Figures 5.75 and 5.76.
The mass spectrum of Peak 6 found in Figure 5.64 also contains peaks at 102 and 
390 amu attributed to this type o f addition, however, the evidence is less clear. 
This spectrum also contains fragments that are unique to the simple ethynyl 
addition reaction (tail-to-tail or head-to-tail) at 202, 306 and 457 amu. Peaks at 
128, 178, 254, 296, 375 and 748 amu could belong to either type of addition
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
182
products. The chromatographic peak correlating to this spectrum is fairly broad 
and could be a mixture o f products.
Figure 5.76 Head-to-Tail Phenylethynyi - Phenoxy Addition to Form
a Stable Dimer
This addition does not contain any new fragments that distinguish it from the 
structure shown in Figure 5.75; however, it may account for the fact that there
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are more than one distinct peaks which have fragments unique to the phenoxy 
addition as discussed above.
Trimers
Chromatographic results in Section 5.3.6.1 showed a single trimer peak with 
slight shoulders with intensities that varied with the amount of cure. These 
results were surprising given the number of dimer structures present in the cured 
product. Possible trimer structures using the previously proposed dimer 
structures with the addition of a monomer are given in Figures 5.77 and 5.78.
Figure 5.77 Monomer Adding to Tail-to-Tail Dimer Through 
Phenylethynyi Endcap to form Trimer I
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Figure 5.78 Monomer adding to Phenoxy Dimer Through 
Phenylethynyi Endcap to form Trimer I
Even though the reactions given above have different starting materials and react 
through different mechanisms, the resulting trimers have the same molecular 
structure. Similar analysis was performed for the linear trimers as for the dimers 
to find molecular weights unique to a particular structure to compare to mass 
spectra. Although mass spectral results do not rule out the presence of this 
structure, its presence also could not be confirmed. Table 5.12 shows the 
fragments of this trimer structure, which was presumed to be the only significant 
type of trimer. Mass spectra that contain fragments present in this structure are 
shown in Figure 5.79, but none of the fragments are unique.
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Table 5.12 Molecular Weights of Fragments Possible 
for Trimer I Product
BooOs 0 1 2 3 4 5 | 6 7 8 9 10 11 12 13 14 15 16 17
77 1 1 77
16 2 I 93 16
76 3 | 169 92 76
28 4 1 197 120 104 28
76 5 1273 196 180 104 76
24 6 1297 220 204 128 100 24
178 7 1475 398 382 306 278 202 178
76 8 551 474 458 382 354 278 254 76
28 9 579 502 486 410 382 306 282 104 28
76 10 655 578 562 486 458 382 358 180 104 76
16 11 671 594 578 502 474 398 374 196 120 92 16
178 12 1849 772 756 680 652 576 552 374 298 270 194 178
76 13 |  925 848 832 756 728 652 628 450 374 346 270 254 76
28 14 1953 876 860 784 756 680 656 478 402 374 298 282 104 28
76 15 1029 952 936 860 832 756 732 554 478 450 374 358 180 104 76
16 16 1045 968 952 876 848 772 748 570 494 466 390 374 196 120 92 16
77 17 1122 1045 1029 953 925 849 825 647 571 543 467 451 273 197 169 93 77
77 18 |l045 968 952 876 | 848 772 748 570 494 466 390 1 772 848 876 952 968 1045 77
1122
K.
a •
1400UN 1000
Figure 5.79 Mass Spectrum for Trimer I
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Another possible reaction would involve a phenoxy dimer, with a terminal 
phenylethynyi group, reacting with a monomer through the phenoxy end. This 
type o f reaction would result in a product with a different molecular structure 
than shown in Figures 5.77 and 5.78, as shown in Figure 5.80.
Figure 5.80 Monomer adding to Phenoxy Dimer to form Trimer II
Mass spectral analysis provides overwhelming evidence that this structure may 
exist in the cured products. Table 5.11 shows fragments possible with one or 
two broken bonds. Shaded sections indicate the molecular weights of fragments 
not contained in the structure shown in Figures 5.77 and 5.78. Mass spectra are 
given in Figure 5.81. Several different conformations are possible for this trimer 
structure and the chromatographic peak is fairly broad so more than one 
spectrum confirms this structure.
p  6
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Table 5.13 Molecular Weights of Fragments Possible 
for Trimer II Product
IMn
1 0 1 2 3 4 5 6
■*/ 8 9 10 11 12 13 14 15 16 17
77 1 1 77
16 2 193 16
76 3 1169 92 76
28 4 1197 120 104 28
76 5 273 196 180 104 76
178 6 451 374 358 282 254 178
16 7 I 467 390 374 298 270 194 16
76 8 I543 466 450 374 346 270 92 76
28 9 1571 494 478 402 374 298 120 104 28
76 10 647 570 554 478 450 374 196 180 104 76
178 11 825 748 732 656 628 552 374 358 282 254 178
16 12 748 363211644156fc 390 374 298 270 194 16
76 13 84G: 748 mm §S*E 466 450 374 346 270 92 76
28 14 gvcgr uhe 748 3532: 494 478 402 374 298 120 104 28
76 15 338: 748 570 554 478 450 374 196 180 104 76
24 16 1045 968 952 876 848 772 594 578 502 474 398 220 204 128 100 24
77 17 112210451029 953 925 849 671 655 579 551 475 297 281 205 177 101 77
77 18 1045 968 952 876 848 772 594 578 502 474 398 764 S4tE 6^8: 968 1045 77
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Figure 5.81 Mass Spectra Supporting Trimer II Structure
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Recent work at Old Dominion University in concert with NASA Langley 
Research Center has proposed a cyclic trimer structure involving the reaction of 
three phenylethynyi terminated model compound monomers to form an aromatic 
cyclic compound, but in relatively small amounts.40 The reaction for the 4- 
PPEB is given in Figure 5.82. Analysis of one, two and three broken bond 
fragments was performed and compared to mass spectra. Mass spectral analysis 
did not give any evidence for this reaction.
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Figure 5.82 Three 4-PPEB Monomers Reacting to form 
Fully Substituted Aromatic Cyclic Trimer
A final proposed possible structure would be the formation of a stable trimer 
diradical. The ability of such a small radical to remain stable is debatable. Such a
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structure is given in Figure 5.83. No peak fragments are present in this structure 
that differentiate it from the trimer structures in Figures 5.78 and 5.80.
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Figure 5.83 Trimer Diradical
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Tetramers
Tetramer did not appear in observable amounts until a 5 minute hold at 375°C, a 
10 minute hold at 350°C and a 30 minute hold at 325°C. The actual amount of 
tetramers present in the samples is questionable because an average of 82% of 
the cured product did not dissolve in acetonitrile solvent. Therefore, the results 
for the tetramers may not be representative of cured product. Chromatography 
results given in section 5.3.6.1 show abundant tetramer peaks resulting from 
numerous tetramer structures. These results are not surprising given the number 
of different types of dimers which may be present, and the many different 
possible conformations a tetramer could have. Tetramer appears to form 
preferentially between two dimers rather than through trimer and monomer. 
Figure 5.84 shows a representative chromatogram for a sample of 4-PPEB 
heated to 375°C and held 15 minutes. The amount of tetramer that was soluble 
and present in the sample was two orders of magnitude less that the dimer and 
trimer cure products. Mass spectra were obtained on several of the peaks and 
given in Figure 5.85.
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Figure 5.84 Chromatogram of Tetramers Present in 4-PPEB 
Cured to 375°C and Held 15 Minutes at Temperature
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Figure 5.85 Mass Spectra of Selected Peaks of Tetramer Chromatogram
in Figure 5.84
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Figure 5.85 Mass Spectra of Selected Peaks of Tetramer Chromatogram
in Figure 5.84
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5.6.4 13C Nuclear Magnetic Resonance (NMR) Spectroscopy
I3Carbon NMR was performed in chloroform on 4-phenoxy-4’-phenylethynyi 
benzophenone (4-PPEB) model compound samples that had been cured from 
250°C to 375°C and held for either 0 or 5 minutes in an effort to establish when 
this material began to cure. An additional sample was heated to 375°C and held 
15 minutes. The initial NMR spectrum on uncured 4-PPEB contained 18 carbon 
peaks in addition to those for the solvent as seen in Figure 5.86. The calculated 
and experimental peak assignments are shown in Table 5.14.
200 100
ppm
Figure 5.86 13C-NMR Spectrum for Uncured 4-PPEB
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Table 5.14 13C-NMR Peak Assignments for 
Uncured 4-PPEB Control
2 3 6 7 11 12 17 18
Carbon Type Assignment
C-
Calculated Shift17 
(ppm)
Actual Shift 
(ppm)
Acetylene 15 88.65*
14 92.30*
Phenyl 6 118.9 117.16
3 119.1 120.15
16 122.7 122.69*
1 123.2 124.60
13 126.5 127.27*
18 128.6 128.39
8 132.3 128.71*
19 128.9 129.80
2,11 130.1 130.03
7 131.6 131.35
12 135.2 131.70
17 135.4 132.33
10 138.0 137.11*
Phenyl Ether 4 157.5 155.46*
5 161.3 161.70*
Carbonyl 9 196.4 194.55*
* Denotes pea cs without hydrogen
Peak assignments for the uncured system were straightforward, but significant 
changes were noted for cured samples, such as an increased number and shifts in 
signals. Figure 5.87 shows a representative NMR spectrum for the 
325°C/quenched cure and Table 5.15 tabulates the results with a 0.46 ppm
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correction using the carbonyl shift as a reference.
Immediate changes were noted at each cure temperature and hold time. Carbons 
1, 2, 3, 6, 7, 11, 16, 17, 18 and 19 were not readily identifiable on any of the 
cured spectra. They had either disappeared or had shifted so that identification 
could not be unambiguous. The ether carbons, 4 and 5, remained present though 
had shifted slightly downfield after a 5 minute hold at 375°C. The acetylene 
carbons, 14 and 15, were present up to a five minute hold at 375°C, but shifted 
significantly. An additional peak was noted in this region of the spectrum on 
several of the cures, indicating the presence of a new type of acetylene carbon. 
The carbonyl peak, 9, which was not believed to be involved in the cure, 
remained present in all cures and its shift was used to normalize results for each 
sample. Phenyl carbons, 13 and 10, were still present after all cures with slight 
shifts. Carbon 12 was present up to the 375°C/quenched cure, but disappeared 
after a five minute hold. Interestingly, the only unshifted phenyl carbons present 
after cure were those on the ring between the acetylene and carbonyl moieties.
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Figure 5.87 UC-NMR Spectrum for 4-PPEB Cured to 325°C and Quenched
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Table 5.15 I3C-NMR Peaks Present for 4-PPEB Cured 
to 325°C and Quenched
Carbon Type Chemical Shift (ppm) | Uncured 4-PPEB Carbon
Acetylene 88.66 C-15
92.30 C-14
Phenyl 116.34
116.38
117.96
118.00
120.94
127.28 C-13
128.96
129.02
129.19
130.51
130.58
130.65
130.80
130.89
131.50
131.57
131.70 C-12
132.15
132.21
133.11
133.19
137.12 C-10
137.20
Phenyl ether 155.47 C-4
161.71 C-5
Carbonyl 194.55 C-9
Many new carbon peaks appeared in the aromatic region of the spectrum. 
Generally, the carbons still present and easily distinguished were those associated 
with the carbon-carbon triple bond, the ether linkage and the carbonyl because
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they occur in a portion of the spectrum where no other peaks are present. This 
material was not fully cured, so these results were expected. The carbons 
associated with the terminal acetylene phenyl ring have all shifted which indicate 
a change in environment, further supporting reaction through the triple bond.
The carbons associated with the arylene ether have also shifted indicating a 
change in environment with cure.
Slightly different results were observed for the sample cured to 375°C with a 15 
minute hold. The I3C-NMR spectrum is given in Figure 5.88. This sample was 
run at a different time and date than the others which may have had an effect on 
the experimental results. This spectrum contains an additional ether peak, 
indicating the presence of a new ether carbon. The ether peaks changed in 
intensity and broadened. The aromatic portion of the spectrum is of limited 
utility, except to note that it had changed dramatically with cure. The carbon 
peaks associated with the ethynyl group have disappeared, indicating a fully 
cured product after a fifteen minute hold at 375°C. The fact that no ethynyl 
carbons appear to exist may also be explained by the limits of detection of the 
instrument. Other experimentation, such as FT-IR, indicated that a small amount 
of carbon - carbon triple bond may exist, but this technique has greater sensitivity 
than 13C-NMR
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Figure 5.8S UC-NMR Spectrum of 4-PPEB Cured at 375°C 
and Held 15 Minutes at Temperature
13C-NMR spectra give the average signal for all cured and uncured material 
present in the sample and therefore is of little value for determining molecular 
structures of individual cure products. l3C-NMR results were helpful in 
determining that 4-PPEB cures at temperatures as low as 250°C with no hold, as 
evidenced by changes in the spectrum when compared to the uncured control. 
They also indicated the model compound was fully cured after a 15 minute hold 
at 375°C. This information was obtained early in the research and was used to 
formulate the cure schedules for all other experimentation.
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5.6.5 Proton NMR
Proton NMR was initially run on an uncured sample of 4-PPEB and one heated 
to 375°C and held 15 minutes. The results were of limited utility because all of 
the hydrogens were in the aromatic region and became uninterpretable with cure. 
The samples cured from 250 to 375°C and held 0 or 5 minutes were also 
subjected to proton NMR and there appeared to be an increase in the number of 
protons in the aromatic region, without the formation of any outside this region. 
Figure 5.89 shows the proton NMR results for the uncured and 375°C with a 15 
minute hold samples. No new information was obtained from this experiment 
except to confirm that the products forming had exclusively aromatic hydrogens.
JL
Figure 5.89 Proton NMR Spectra for 4-PPEB Uncured and 
Cured to 375°C and Held 15 Minutes at Temperature
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5.6.6 UV-Visible Spectroscopy
UV-Vis spectroscopy was performed on 4-PPEB in chloroform at a 
concentration of 0.073 mg/ml. The spectrum for the uncured control, shown in 
Figure 5.90, has broad peaks at 233.3 nm and 308.6 nm. with intensities of
0.3483 and 0.6167 absorbance units, respectively. Samples were cured to 375°C 
at 10°C per minute and held for either 0, 1,3, 5, 10,15, or 30 minutes. Results 
are given in Table 5.16 which gives the changes in wavenumbers and intensities 
o f peaks 1 and 2. The peak at 308.8 nm. experiences a hypsochromic (blue) shift 
with cure, while the other remains relatively unchanged. Similar results were 
reported by Hestennann and Sung.41
308.6
• •
233.3
Figure 5.90 UV-Vis Spectrum of Uncured 4-PPEB
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Table 5.16 UV-Vis Results for 4-PPEB Cured at 375°C* 
PEAK 1 PEAK 2
Cure Time 
(min)
Waven umber 
(nm.)
Intensity Wavenumber
(nm.)
Intensity
0 305.8 0.5486 231.8 0.4435
1 305.6 0.5417 232.4 0.3860
3 302.4 0.5216 231.3 0.4551
5 299.2 0.5332 231.4 0.5128
10 297.6 0.4123 232.9 0.3353
15 295.9 0.4389 231.9 0.4283
30 293.5 0.559 231.6 0.5167
* numbers reported are the average of three trials
Silverstein and Bassler report k -+ x* transitions for phenylacetylene at 236 nm. 
and for benzophenone at 252 nm.42 Benzenoid bands resulting from 
heteroaromatic absorptions are generally found between 230-270 nm.; however, 
shifts to longer wavelengths are observed when the heteroatoms are 
chromophores, as is the case of 4-PPEB. For this model compound it appears 
that the first peak may be attrributed to the ethynyl moiety and the second to the 
aromatic components. The apparent hypsochromic shift reflects increasing 
conjugation of the model compound with cure. The continued presence of the 
ethynyl peak supports the notion that not all of the carbon-carbon triple bonds 
are reacted at this cure temperature and these hold times. Some of these triple 
bonds may be regenerated by the cure products as shown previously in section 
5.6.4. Figure 5.92 shows the shift for the aromatic peak versus hold time.
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UV-Vis Results
Shift in W avenum ber for Aryi peak
Hold time (min) v Wavelength
308
306
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«
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0 105 15 20 25 30 35
Hold Time @ 375C (min.)
Figure 5.91 Shift in Wavenumber vs. Hold Time at 375°C for 4-PPEB
5.6.7 Electron Spin Resonance (ESR)
Electron spin resonance confirmed the fact that numerous stable radicals existed in the 
cured PETI-5 and in the cured 4-PPEB samples. Both compounds contained an initial 
amount o f free radicals, as shown in Table 5.17; however, the number for uncured PETI- 
5 is an order o f magnitude greater than for uncured 4-PPEB. The uncured samples each
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
206
contained a single type o f radical, as determined by the shape of the ESR first derivative 
curve. Interestingly, the shapes o f the ESR first derivative curves for the cured samples 
differed significantly as shown in Figure 5.93 and 5.94. The symmetric shape of the 
PETI-5 curve is typical o f a single type o f  stable radical, while the asymmetric 
appearance of the 4-PPEB curve indicates more than one type of radical present in the 
system after curing. These results indicate that more than one radical may be formed in 
4-PPEB during the reaction, possibly through the phenoxy end.
40CEKE
30DEKE- 
2QBC2 -
1.0CEKE -
QOCE+OO
o o00oCD Oi
Figure 5.92 ESR Curve for PETI-5 Cured at 350°C for 30 iMinutes
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Figure 5.93 ESR Curve for 4-PPEB Cured at 350°C for 30 Minutes
The second radical type formed during the thermal reaction of 4-PPEB does not appear 
until after a 30 minute hold at 350°C indicating that either it does not form early in the 
reaction or that it is rapidly consumed until the viscosity increases sufficiently to trap and 
inhibit the mobility of the radical. After 1 hour hold time, the second type of free radical 
disappears. For the PETI-5 system, only one radical is seen throughout the cure.
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Table 5.17 ESR RESULTS FOR PETI-5 AND 4-PPEB CURED AT 350°C
PETI-5
Cure
Time
(min.)
Sample
Mass
(grams)
Reactive 
Sites 
(x 10'5) 
mols
g-value Corrected 
Area of 
Double 
Integral* 
(x 102)
Area 
Corrected 
by 
Standard 
(x 102)
Corrected 
Area 
Divided by 
Reactive 
Sites
0 0.2154 7.83 1.9867 25.1 30.8 3.9 x 107
5 0.2261 8.22 1.9864 23.4 17.3 2.1 x 107
10 0.1977 7.19 1.9859 17.2 18.3 2.5 x 10^
15 0.2281 8.29 1.9857 18.5 19.7 2.3 x 107
30 0.2154 7.83 1.9857 100.6 123.7 1.6 x 10*
45 0.1757 6.39 1.9857 89.1 109.5 1.7 x 108
60 0.1593 5.79 1.9859 96.5 107.6 1.9 x 108
* Average of three trials
4-PPEB
Cure
Time
(min.)
Sample
Mass
(grams)
Reactive
Sites
(xlO-1)
mols
g-value Corrected 
Area of 
Double 
Integral*
(x 102)
Area
Corrected
by
Standard
(xlO2)
Corrected
Area
Divided
by
Reactive
Sites
0 0.2099 5.61 1.9871 3.7 4.55 8.1 x 10s
5 0.2318 6.19 1.9857 30.1 22.3 3.6 x 106
10 0.1987 5.31 1.9861 41.9 44.6 8.4 x 106
15 0.2212 5.91 1.9857 64.2 68.3 1.1 x 107
30 0.2099 5.61 1.9855 63.6 78.2 1.4 x 107
45 0.1883 5.03 1.9856 11.6 14.3 2.8 x 106
60 0.1831 4.90 1.9856 102.1 113.9 2.3 x 107
* Average of three trials
Table 5.17 shows the area under the curves for both sytems that have first been 
normalized by the instrument using gain and power parameters, then normalized by the 
weak pitch standard and finally, divided by the number of reactive sites in each sample
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per mole. The area under the double integral curve relates to the number of free radical 
spins in the sample by:44
[x] = [std] AsG&jggd)!
mx A*d Gx (gx)2
where:
[x] = number of spins per gram in sample
[std] = number of spins in standard
A = area under the absorption curve, given by double integral 
G = multiplier gain
g = experimentally determined electronic g-value
m = mass of sample being tested
The absolute number of spins in the standard was unobtainable because a suitable 
internal standard was unavailable, thus the relative areas obtained using the double 
integrals were used to compare relative amounts of free radicals in the samples. In all 
instances, PETI-5 had more free radicals per reactive site than the 4-PPEB, but 
particularly in the uncured sample. The lower viscosity of the 4-PPEB sample during 
initial cure stages, which would allow coupling reactions or phenyl migration during the 
cure may contribute to deactivation of radicals. The number of free radicals per reactive 
site in the PETI-5 samples increased in number throughout the cure. However, the 
uncured sample had a higher radical content than the samples from initial cures. Levy et 
al. reported that free radical consumption reactions were particularly effective early in 
the cure cycle.21 Some of the initial free radicals may participate in these early reactions. 
At later stages in the cure, free radical spins increase significantly. ESR results show the 
ability of both systems to stabilize free radicals.
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Chapter 6: CONCLUSIONS
PETI-5 cures through nonoxidative thermal rearrangement and the rate of cure is 
dependent on cure temperature. Elemental analyses exhibited no significant differences 
between uncured samples and those cured at 371°C in air for one hour. Thermal
analyses showed that the average Tg for the cured material was 271°C at cure
temperatures o f350, 375 and 400°C. A correlation was made between the cure
temperature and the rate at which the full cure Tg was achieved. For example, samples
cured at 400°C achieved the 271°C Tg after 15 minutes, while at 375°C, a 45 minute
hold time was required. After 120 minutes at 325°C, the maximum Tg was 260°C, 
indicating an incomplete cure. These results are consistent with a rapid radical reaction 
mechanism because more radicals are normally generated initially at higher cure 
temperatures. Additionally, the higher cure temperatures may lessen the viscosity of the 
curing mixture and enhance the ability of reactive sites to diffuse together.
The reaction of carbon-carbon triple bond in this material was monitored by DR- 
FTIR using the peak that occurs at 2213 cm'1. Under normal curing conditions, 
unreacted ethynyl groups are still present after the system is considered fully cured. The 
normal cure cycle for PETI-5 is one hour at 371°C. After one hour at 375°C, this peak
213
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remained, although diminished, with a shift in wavenumber and a change in shape.
Similar results were seen in samples cured at 350°C; however, samples cured at 325°C 
retained a broadened peak at 2213 cm'1 without shifting to lower wavenumber. The 
continued presence of this peak suggests that either unreacted ethynyl groups remain 
after a full cure cycle, or new ethynyl groups are formed, or both. Cure mechanisms are 
proposed for 4-PPEB that include the formation of a new carbon - carbon triple bond. 
This phenomenon was also reported by Sastri et al.1
Unreacted endgroups may result from getting trapped in the reaction mixture as 
the cure progresses and the viscosity increases. As molecular mobility decreases, the 
reaction is limited by the ability of the reactive sites to diffuse together. The presence of
unreacted endcaps in the cured product may account for the fact that the Tg of
phenylethynyl terminated compounds has been reported to increase upon thermal aging. 
Prolonged time periods at elevated temperatures may be sufficient to allow the diffusion 
of reactive sites so further curing may occur.
The shift in the ethynyl peak wavenumber could be due to the increased 
molecular strain induced by the cure or the formation of new carbon-carbon triple bonds. 
The broadened shape of the peak suggests that more than one chemical environment 
exists for the ethynyl bonds present. The fact that 325°C cures do not exhibit a shift may 
be due to either the material not having achieved a high enough molecular weight to 
induce strain, or the inability to form new carbon-carbon triple bonds at that 
temperature.
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Cure studies on the low molecular weight model compound, 4-PPEB, were 
performed with the expectation that it would serve as a model for the PETI-5 system. 
The initial cure of the model compound 4-PPEB generated a large number o f product 
species. HPLC results showed at least 13 different cure products after a 15 minute cure 
at 375°C. The cured samples were completely soluble in chloroform so the 
chromatograms contained all of the cure product, unless some of it was retained by the 
column. Fractionation of the cured products resulted in preliminary identification of 
residual monomer, dimer products and higher molecular weight species.
LC-MS results on 4-PPEB cured at 325°C 350°C and 375°C revealed small 
amounts o f low molecular weight cure products after heating to temperature and 
quenching the sample. Increasing hold times increased the amounts of low molecular 
weight products, but no additional types of structures appear to form. Pickard2 and 
Grenier-Loustalot3 both reported on the initial formation of multiple low molecular 
weight products that had been separated using HPLC that increase in amounts, but not 
types, as the cure progresses. After 15 minutes at 375°C, numerous cure products 
including stable dimers, trimers and tetramers were identified. The LC chromatograms 
for samples cured at each temperature showed at least 7 different dimers, one 
predominant trimer and multiple tetramer structures. These products accounted for 
approximately 17% of the reaction mixture for 4-PPEB that were soluble in acetonitrile, 
thus higher molecular weight products, including some tetramers, were probably 
excluded. The different structures for the dimers can be explained by the fact that
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monomers can add head-to-head, tail-to-tail or head-to-tail to form isomeric structures. 
Mass spectra obtained on the separated products confirmed the existence of different 
chemical structures, and different fragmentation patterns were used to identify possible 
structures.
Possible mechanisms for the thermal cure of 4-PPEB have been proposed. 
Multiple stable dimers exist in the reaction products, in increasing amounts, at 
temperatures up to 375°C for up to 15 minute hold times. A diradical that would form if 
two monomers reacted through the phenylethynyl endcap, shown in Figure 6.1, would 
likely participate in further reactions at these temperatures. The cis structure is shown as 
molecular modeling has shown this conformation to be a more stable radical intermediate 
than has been reported for the trans* Rearrangement to the lower energy product 
conformation may occur with time.
=C
Figure 6.1 4-PPEB Cis Dimer Diradical
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Many dimers remain stable at high temperatures and the migration of a phenyl ring 
associated with the endcap as a means of deactivating the diradical structure is a 
plausible explanation for the stability of these low molecular weight diradicals. Phenyl 
migration has been described by Carey and Sundberg5 and March6. Figure 6.2 proposes 
such a mechanism which results in a stable dimer structure. Such a phenyl migration 
could occur for each type of addition product, head-to-tail, etc., mentioned previously.
O 'c=c •C=1
c=c-c=c
Figure 6.2 4-PPEB Dimer with Phenyl Migration
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LC-MS results also supported the formation of a cyclobutadiene intermediate that 
rearranged to give a stable product and diphenyl acetylene. Although residual diphenyl 
acetylene was not found in significant amounts in the reaction mixture, reaction products 
that corresponded to monomer and dimer plus the diphenylacetylene were found 
indicating it had reacted further. The molecular weight of the rearranged stable product, 
570 amu, was found with two primary peaks, perhaps indicating two conformations.
The proposed mechanism is given in Figure 6.3.
T
+
Figure 6.3 4-PPEB Cyclobutadiene Intermediate Rearranging to Form 
a Stable Product and Diphenylacteylene
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In addition to the mechanisms proposed, an unexpected result o f the mass 
spectral analysis was that 4-PPEB appears to react through both the phenylethynyl and 
the phenoxy ends at the experimental temperatures. The terminal phenoxy group 
appears to react with the phenylethynyl group to form stable dimers and the predominant 
stable trimer. Figure 6.4 shows a dimer reaction with the assumption of phenyl 
migration to stabilize the product.
C=C
C=C o-c=c
Figure 6.4 Dimer Formation through Phenylethynyl and Phenoxy Addition
The formation of the predominant trimer structure occurs through a phenylethynyl- 
phenoxy dimer, which has a carbon-carbon triple bond at one end, reacting with the 
phenoxy end o f a monomer. Such a mechanism is shown in Figure 6.5. No evidence for 
a cyclotrimerization reaction at these temperatures and hold times was found.
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0  0
0  p
Figure 6.5 Predominant Trimer Mechanism for 4-PPEB
The unexpected result of the reactivity of the terminal phenoxy group makes 
comparisons with PETI-5 more difficult. However, it does not rule out any of the 
proposed mechanisms occurring strictly through the phenylethynyl endcaps.
ESR results show the presence of single types of radicals in uncured PETI-5 and 
4-PPEB. The amount of such radicals in the uncured PETI-5 is greater by an order of 
magnitude than in uncured 4-PPEB, thus providing evidence of PETI-S’s ability to 
stabilize free radicals. With thermal cure, the number of free radicals increases 
significantly in both compounds, with a second type of radical forming in the 4-PPEB. 
This additional radical may be due to reaction through the phenoxy end of the model 
compound. After one hour at 350°C, the additional free radical disappears. Comparing 
the area under the curves as a measure of free radical spins for both the model compound 
and PETI-5, many fewer radicals were present per reactive site in the cured 4-PPEB than 
the cured PETI-5. These results could be due to the lower viscosity before cure o f the
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lower molecular weight model compound system, the deactivation of radical species 
through phenyl migration, or the longer aromatic chain length of PETI-5 and its ability to 
stabilize free radicals. The fact that PETI-5 has a significant amount of free radicals 
before curing attests to its ability to stabilize free radicals once chain extended through 
curing.
Some of the cure mechanisms proposed for 4-PPEB may be possible for PETI-5. 
The addition reaction through the phenoxy group end of the molecule was an unexpected 
result that is not possible for PETI-5. However, the PETI-5’s ability to stabilize free 
radicals along its aromatic backbone chain suggests that diradical polyene formation is 
more likely for PETI-5 than 4-PPEB. The initial formation of a diradical dimer species, 
as proposed in section 5.3.6.3 for 4-PPEB, is more likely for the higher molecular weight 
PETI-5 aromatic oligomer. The difference in the molecular weights of the two systems 
may result in different reaction rates, degrees of cure and amounts of products. The 
concentration of carbon - carbon triple bonds is considerably lower for PETI-5 because 
of its the long chain length compared to 4-PPEB. However, the thermal reaction of the 
phenylethynyl groups for both are likely to be similar at the same cure temperatures. The 
reaction mechanisms proposed for 4-PPEB cannot be ruled out for PETI-5 based on 
differences in molecular weight. The shift in DR-FTIR wavenumber for cured PETI-5 
may be explained by the formation of new carbon - carbon triple bonds that form 
through phenyl migration described for 4-PPEB. These results offer an explanation for 
the presence of low molecular weight fractions23 and initial radical deactivation7
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described in the literature. These carbon - carbon triple bond sites may participate in 
crosslinking reactions with aging that increase glass transition temperature. A single 
definitive cure mechanism does not appear to exist for either phenylethynyl terminated 
systems. Rather, a complex mixture of stable low molecular weight products in addition 
to polymeric materials is present.
Future Work
Future studies should utilize a different phenylethynyl terminated model 
compound that does not sublime, as with the 4-FPEB or react through any other means, 
as with 4-PPEB. Using a higher molecular weight soluble model compound would more 
closely resemble the concentration of endcaps found in the PETI-5 oligomer. Another 
means of diluting endcap concentration would be the addition of an inert small molecule, 
such as biphenyl, to the reaction mixture.
Continued experimentation to further elucidate cure mechanisms and products 
should include isotopically labeled carbons on the phenylethynyl endcaps of both model 
compounds and PETI-5 oligomer to achieve better resolution of l3C-NMR results or to 
identify mass spectral fragments. Tandem mass-spectrometry would also give more 
specific information about low molecular weight fragment structures by further 
fragmentation to get information about the connectivity. Quantitative and time 
dependent ESR studies could also provide further insight into PETI-5’s ability to 
stabilize free radicals for longer periods of time.
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APPENDIX A
* PETI-5 #,048-112 Cured to 325C w/ 15 min. hold
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DR-FTIR Results for PETI-5 Cured to 325°C 
and Held 15 and 30 Minutes
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: *PETI-5 # 048-112 Cured to 325C w/ 45 min hold
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